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Active filters have widespread application in present 
day electronic systems. They enable realisation of a variety 
of network functions for different applications. A large 
number of papers are available on active filters using 
operational amplifiers (OA), resistors and capacitors. These 
filters have two main limitations. First is the high frequency 
limitation due to the finite gain-bandwidth products of the 
OAs used. Second limitation is due to difficulties in incor- 
porating capacitors during IC fabrication. To overcome these 
limitations a new class of active networks using only OAs and 
resistors, termed active R networks, have been developed. In 
recent years a number of active R circuits that realise 
different network functions have been reported. However, 
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synthesis techniques are not available for many of these 
circuits. This thesis presents systematic synthesis 
techniques for active R filters [band pass (BP), low pass 
(IP), high pass (HP), all pass (AP) and notch (BE)], oscilla- 
tors and delay networks. A number of new circuits have been 
realised. The first chapter of the thesis introduces the 
concept of active R networks. The works reported in literature 
and this thesis are discussed. 

The second chapter deals with OA modelling and parameter 
measurement relevant to active R networks. Characteristics 
of existing OA models are discussed. A new OA model is pro- 
posed that takes into account OA second pole effects without 
complicated analysis. This new pole-zero model enables easy 
design of active R networks for wide frequency range appli- 
cation. Available methods of OA parameter measurement are 
also described in this chapter. 

Band pass and low pass filters form part of practically 
every electronic system. BPPs with high w Q and Q values are 
particularly useful. Though a number of active R BP and IP 
filters have been reported in literature synthesis techniques 
for most of them have not been developed. In the third 
chapter synthesis techniques for inverting and non- inverting 
BP and IP filters are given. A circuit with multifunction 
capability [l] has been realised. It provides inverting BP, 
non-inverting LP, AP, BE and oscillator functions. It can 
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also provide non-inverting BP response if the polarities of 
"both the OAs in the circuit are reversed. The circuit has 
been designed, based on pole-zero model for the OAs, and tested 
Experimental results show the validity of this pole-zero model. 
Modifications of the synthesis technique lead to other reported 
BPP circuits i The synthesis techniques for LPFs realise nth 
order inverting and non-inverting LPFs. 

All pass filters find application in phase shifters, 
delay equalisers and delay networks. Only few first and 
second order active R APFs have been reported in literature. 
Synthesis techniques for active R APFs and higher order 
active R APFs have not been realised till now. In the fourth 
and fifth chapters two new synthesis techniques to realise 
active R APF of any given order, both with real poles and 
zeros and with complex poles and zeros are proposed [2]. 

All circuits are realised with an attenuation constant due to 
resistive summation. This is because, an ideal active R 
summer circuit is not known. The effect of OA second pole 
on APF performance has been analysed and experimentally 
verified. The synthesis technique proposed in the fifth 
chapter leads to circuits with larger signal handling 
capacity. 

The sixth chapter presents synthesis techniques for 
first and second order high pass filters and second order 


notch filters. These circuits are also realised with an 
attenuation constant due to resistive summation. A symmetrical 
notch filter has been designed based on pole-zero model for 
high <d q and Q values and experimentally tested. 

Sinusoidal oscillators with wide tuning range, constant 
amplitude and low distortion with independent frequency control 
either by resistance variation or by voltage variation are re- 
quired in many applications. A few active R oscillators have 
been reported in literature. Only some of them have independent 
frequency control facility. In the seventh chapter a synthesis ! 
technique for active R oscillators is proposed to realise a two 
OA six resistor oscillator circuit [3]. In this circuit condi- 
tion for oscillations is maintained by one grounded resistor 
while its frequency is controlled by another grounded resistor, j 
Replacement of the frequency controlling resistor by a JEET 
leads to a voltage controlled oscillator. Both resistance and 

voltage controlled oscillators give constant amplitude, low I 

. . , , ' | 

distortion oscillations over a wide frequency range. 

Delay networks are required to provide improved transient 
response in pulse communication systems. Till now no active R ! 
delay network has been realised. In the eighth chapter an 
active R circuit to realise the fourth order Bade all pass | 

approximation for e , has been synthesised [4]. The realised 
circuit has been designed and tested for a delay of 30 ps. 



The synthesis techniques presented in this thesis are 
general. Hence, they can also realise active RC filters, 
oscillators and delay networks. ’ 

References 

1. Venkataramani, Y. and Venkateswaran, S., ’Active R 
multifunction circuit synthesis’ , submitted for 
publication. 

2. Venkataramani, Y. and Venkateswaran, S. , 'Synthesis of 
active R all pass filters' , submitted for publication. 

3. Venkateswaran, S. and Venkataramani, Y., 'Continuously 
tunable active R oscillator with two operational 
amplifiers', J.IETE, Vol. 26, no.lO, pp 523-525, 
October, 1980. 

Venkataramani, Y. and Venkateswaran, S., 'Active R 
delay network synthesis' , submitted for publication. 


4 



CHAPTER I 


INTRODUCTION 

The field of Electronics has undergone tremendous 
changes in the past two decades. A vast range of new devices 
and processes have been developed. Circuit designers have 
used these to realise a wide variety of system functions. In 
the field of linear networks, the advent of the monolithic 
integrated circuit operational amplifier (OA) has enabled 
realisation of practically all network functions, A number 
of synthesis techniques have been evolved for the realisation 
of active filters, oscillators and delay networks. The 
circuits realised by these techniques use OAs, resistors and 
capacitors. These circuits can realise the same functions 
that passive networks can provide, but without using indu- 
ctors. The active RC networks have the further capability 
to realise non-positive real functions also. 

These active RO networks are analysed assuming the OAs to 
have an infinite gain-bandwidth product. Practical OAs have 
a finite gain-bandwidth product. As a result of this active 
RC networks can be used only upto about 10 KHz, for satisfactory 
performance. Further, in monolithic IC technology, capacitors 
occupy a very large area compared to resistors and transistors. 
Hence, it is necessary to avoid capacitors in active networks 
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to be integrated. 

The two considerations, viz., extending the frequency 
range of active networks and eliminating capacitors in them 
has led to the development of a new class of active networks, 
termed active R networks. In these, the low pass behaviour 
(due to finite gain-bandwidth product) of the OA is incorpora- 
ted in the circuit design so that the network can function 
over a wider frequency range. Further, the low pass behaviour 
of the OA resulting in 6 dB/octave roll-off of the open loop 
gain, after the first pole frequency, simulates a capacitive 
effect so that the active R circuits do not require any 
external capacitors. Of course, the OAs which are internally 
compensated, have a small compensation capacitor inside the 
chip. Thus, capacitor is not fully eliminated. Apart from 
this internal capacitor, active R networks are capacitorless. 

It is also possible to incorporate the OA pole in active RC 
network design. In this case, a second order function can be 
realised by a circuit using one OA and only one external capa- 
citor . These circuits are referred to as active RC networks 
using the OA pole. 

A large number of active R networks (filters and oscilla- 
tors) and active RC networks using OA pole have been reported 
in the literature in the recent past. However, clearcut 
synthesis techniques have not yet been reported for most active 
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R circuit realisations. This thesis introduces general syn- 
thesis techniques for active R filters ("band pass, low pass, 
all pass, high pass and notch), oscillators and delay networks. 

A number of new circuits have been realised using these 
techniques. The next section of this chapter introduces the 
concept of active ' R* networks. Subsequent sections discuss 
the available literature on active R networks and the work 
reported in Chapters III to VIII. Chapter IX of the thesis 
indicates the conclusions drawn from the theoretical and 
experimental investigations and gives suggestions for further 
work. 

1 . 1 Concept of active R network: 

Traditional active network design has been based on the 
use of passive RC networks in conjunction with one or more 
active devices. These active devices are assumed to have 
infinite gain-bandwidth product. However, the commonly used 
active devices, viz., transistors and OAs have complex gains 
which exhibit low pass behaviour, i.e., the magnitude of gain 
decreases with frequency and the phase increases with frequency. 
This non-ideal behaviour of the active devices limits the useful 
frequency range of the active networks. 

The concept of incorporating the low pass behaviour of the 
active device in the design to overcome the high frequency 
limitations was first proposed by Capparelli and liberatore [l]« 
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They have used the low pass behaviour of a transistor to 
realise a hand pass network using only resistors and transi~ 
stors. Radhakrishna Rao and Srinivasan [2] were the first to 
exploit the low pass behaviour of an internally compensated 
integrated circuit OA to realise high frequency networks. A 
band pass filter using one OA, resistors and a single external 
capacitor has been realised by them. Soderstrand [3] gave the 
name 'active R filters' to filters using only OAs and resistors. 
Subsequently, a large number of active R circuits have been 
reported in literature. The highest usable frequency of 
active R networks is limited by two factors. One is the slew 
rate limitations of the OAs used. The other is the effect of 
the second pole of the OA. Though the OA is modelled, in 
active R networks, on the basis of a single pole at low 
frequency, actual OA response indicates the presence of a 
second pole located at high frequency. Computer simulation 
of \ik 741 OA [4] have indicated the presence of a number of 
poles and zeros at high frequencies. These can be together 
considered in terms of an equivalent high frequency pole. 

This second pole alters the magnitude and phase response at 
high frequencies. 

Active R networks have the feature that all network 
characteristics are decided by OA parameters and resistor 
ratios only. Hence, individual resistor values can be 
conveniently chosen, as long as the ratio is maintained. In 
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monolithic IC technology resistor tolerances cannot he made 
small hut accurate resistor ratios (tracking) can he achieved. 
Thus, from this point of view active R networks have a definite 
advantage over active RC networks. 

1 „ 2 OA modelling and parameter measurement ; 

Incorporation of the OA low pass behaviour necessiates 
modelling of the OA in terms of its parameters. The commonly 
used model is the one which takes into account a single low 
frequency pole, followed hy a 6 dB/octave roll-off. This is 
the single pole model which is satisfactory for frequencies 
well helow the gain-bandwidth products of the OAs. Simplifica- 
tion of this model, hy neglecting the first pole frequency, for 
frequencies well above it, leads to the integrator model. If 
the high frequency effects of the OA are to be taken into 
account then the OA response must he more correctly represented 
hy a two pole model consisting of a low frequency first pole 
and a high frequency second pole. Though results obtained 
using this model will he more accurate than those with single 
pole model, the circuit analysis, with this model, is very 
tedious unless a number of approximations are made. The effect 
of OA second pole can also he modelled as excess phase or 
delay [5]. However, analysis is not simplified with this 
model since exponential functions appear in the various 
expressions. 
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In. Chapter II of this thesis a new OA model, termed pole- 
zero model* has been proposed. This is obtained from the two 
pole model by ' converting the second pole into an equivalent 
right half plane [KHP] zero, for frequencies well below the 
OA second pole frequency. For this frequency range, the 
pole-zero model analysis leads to the same results as those 
with two pole model, but with an analysis which is as simple 
as that with single pole model. Thus, this new model is 
particularly suited for the analysis of higher order active 
R networks. 

The modelling of the OA in terms of its low pass beha- 
viour necessiates the measurement of the parameters of the OA, 
viz., dc open loop gain, first and second pole frequencies 
and gain-bandwidth product. A number of methods are available 
[2, 6, 7,8] for the measurement of these parameters. In 
Chapter II a description of these methods is given. 

1 .3 Band pass and low pass filters ; 

Band pass filters (BPP) and low pass filters (LPF) find 
a range of applications in instrumentation and communications. 

A number of active R band pass filters have been reported in 
literature. In general, these use two OAs and while BP response 
is available at the output of one OA, IP response is available 
at the output of the other OA. Srinivasan [9] and Soderstrand 
[3] have reported two OA BPPs using six and three resistors 
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respectively. Soderstrand ’ s circuit is a modification of the 
pseudo hand pass circuit of Schaumann [10], Venkateswaran and 
Sowrirajan [ 1 1 ] have synthesised a BPP using the concept of 
driving point functions. Venkateswaran and Pujari [12] have 
obtained an OA version of the transistor-resistor bandpass 
network of Gapparelli and Liberatore [l]. Soderstrand has 
also, realised [13] a CMOS version of his active R BPP [3]. 
Schaumann and Brand [5], Li and Li [l4] and Mitra and Aatre 
[15] have also proposed second order BPP circuits. Higher 
order BP and LP ladder networks have been synthesised by 
Soderstrand [ 16] . 

In Chapter III (Section 3.1) synthesis techniques for 
BPPs are given. A BPP circuit with multifunction capability 
has been realised. This circuit can realise inverting 
BP, non-inverting LP and oscillator functions. With the addi- 
tion of three resistors it can realise all pass and notch fun- 
ctions. To take into account the effect of OA second pole on 
the filter performance, this circuit has been designed and 
tested on the basis of the new OA model. 

Acar [17] has given a general method for realising nth 
order non-inverting low pass voltage transfer functions. The 
circuit realised by Acar uses a number of matched resistors. 

In Chapter III (Section 3.2) general synthesis techniques for 
nth order non-inverting and inverting LPPs are given. The 
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non-inverting IPPs realised are the same as those proposed by 
Venkateswaran [ 1 8 ] . The realised nth order non-inverting 
LPF circuit has a lower resistor count compared to Acar' s 
circuit. 

1 .4 All pass filters : 

All pass filters (APF) have the characteristic of 
frequency independent magnitude response and a prescribed, 
frequency dependent, phase response. Higher order active RC 
all pass filters can be obtained by cascading first and/or 
second order APFs. However, active R APPs can be realised at 
resistive summation point or at the input of an OA. Hence, 
cascading is not possible to realise higher order active R 
APPs. A number of second order APPs [15,19,20,21] and a 
first order APP [9] have been reported in literature. However, 
no higher order APP has been proposed till now. 

In Chapter IV of this thesis a new synthesis technique, 
termed series realisation, has been proposed to realise active 
R APP of any given order, both with real poles and zeros and 
with complex poles and zeros. The technique is general and 
hence can realise active RC APP of any order. The realised 
first order circuit is the same as the circuit proposed by 
Srinivasan [9]. All the higher order circuits are new. 

Effects of OA second pole on these filters have been studied. 
The increase of magnitude response with frequency, indicated 



by analysis based on two pole model, is borne out by the 
experimental results. 

Higher order API's realised by series realisation technique 
have low signal handling capacity due to cascading of first 
and second order basic sections. To overcome this problem an 
alternate synthesis technique, parallel realisation has been 
proposed in Chapter V. Here, the same signal gets applied to 
all basic sections. Hence, even for higher order filters the 
signal handling capacity is large. This technique also can 
realise APP of any order, both with real poles and zeros and 
with complex poles and zeros. Here also techniques are 
general and hence can realise active RC APPs of any order. 

1 .5 High pass and notch filters ; 

Second order high pass and notch transfer functions are 
derivable from a biquadratic transfer function as is the case 
with all pass transfer function. Soderstrand [3], Srinivasan 
[9], Kim and Ra [19] and Soliman and Pawzy [21 ] have realised 
high pass and notch functions either at the input of an OA or 
at the output of an OA whose gain-bandwidth product is assumed 
to be infinity. Mitra and Aatre [15] have obtained second order 
notch response at a resistive summation point. 

In Chapter VI synthesis techniques for first and second 
order high pass filters and second order notch filters have been 
proposed. A second order symmetric notch filter has been 
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designed on the basis of pole-zero model and tested. All 
circuits are realised with an attenuation constant, because of 
resistive summation. 

1 .6 Oscillators ; 

Sinusoidal oscillators with low distortion, constant 
amplitude and wide frequency range are required in almost all 
electronic systems. Bhattacharyya and Natarajan [22] have 
proposed the first active R oscillator circuit using three 
OAs and six resistors. The circuit has independent control 
for frequency as shown by integrator model analysis. In this 
circuit oscillations are caused by the effect of OA second 
pole [23]. Nandi [24] and Ahmed and Siddiqui [25] have 
reported two OA, four resistor oscillator circuits which do not 
have independent frequency control. Pyara and Jamuar [26] and 
Drake and Michell [27] have reported oscillator circuits with 
eight and six resistors respectively. 

A synthesis technique for active R oscillators has been 
proposed in Chapter VII of this thesis. The circuit realised 
by this technique uses two OAs and six resistors. The condi- 
tion for oscillations is fixed by a grounded resistor. The 
frequency of oscillations can be varied over a wide range by 
another grounded resistor. If the frequency controlling groun- 
ded resistor is replaced by the drain-source circuit of a JPET 
whose gate-source dc voltage is varied, then the circuit 
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becomes a voltage controlled oscillator. Both the oscillator 
circuits give constant amplitude, low distortion oscillations 
over a wide frequency range. Modifications in the synthesis 
technique lead to other reported two OA oscillator circuits 
[24,25,26,27]. 

1 .7 Delay networks ; 

In pulse communication systems, the transient response 
is important since it gives an idea of the distortion in the 
output pulse. If a circuit can be designed such that the 
output pulse is an exact replica of the input pulse, except 
for a time delay, then it will have an ideal transient res- 
ponse. Delay networks are designed by approximating 
e (T = delay) by a ratio of polynomials. Bade approxima- 
tions are commonly used for this purpose. Till now no active 
R delay network has been reported in literature. In Chapter 
VIII an active R circuit, to realise the fourth order Bade 
approximation of e has been synthesised, by the parallel 
realisation technique. The circuit thus has a large signal 
handling capacity. Due to resistive summation the circuit is 
realised with an attenuation constant. 
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CHAPTER II 


OA MODELLING AND PARAMETER MEASUREMENT 
FOR ACTIVE R NETWORKS 

The emergence of active R circuits as an important class 
of active circuits is due to two main reasons. First is the 
high frequency limitations of conventional active RC circuits 
due to the finite gain-bandwidth products of the OAs used. 
Second is the desirability of avoiding capacitors in any 
circuit from the point of view of monolithic integrated 
circuit fabrication, since they occupy a large portion of the 
chip area. 

Conventional active RC filters use passive RC networks 
and one or more OAs whose gain is assumed to be large and 
independent of frequency. Practical OAs have complex gains 
which exhibit low pass behaviour, i.e. their magnitudes 
decrease with increasing frequency and they have a non-zero 
phase. This non-ideal behaviour of the OAs limits application 
of these filters to relatively low frequencies. 

In active R networks the OA low pass behaviour is 
incorporated in the circuit design by considering a one pole 
model for the OA gain. Hence, active R networks can be 
operated over a wider frequency range compared to active RC 
filters. Incorporation of the frequency dependent OA gain in 
the circuit design however necessiates modelling of the OA in 
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terms of its parameters and measurement of these parameters 
for each of the OAs used in the circuit. 

In this chapter modelling of the internally compensated 
OAs is considered first. Characteristics of single pole, two 
pole, delay and new pole-zero model are considered. Next, 
commonly used methods for the measurement of OA parameters 
relevant to active R networks are described. 

2 . 1 QA modelling for active R networks ; 

For the analysis and synthesis of active R networks it 
is necessary to model the OA in terms of its parameters. The 
OA parameters of interest are (i) gain-bandwidth product 
(B/2 ti), (ii) OA first pole frequency (w^/2u) and OA second 
pole frequency ( 0 ) 2 / 211 ). The simplest OA model which is 
commonly used is the single pole model which incorporates only 
the first pole frequency. This model is valid only at low 
frequencies, where effect of OA second pole is negligible. A 
two pole model must be employed for analysing the high frequency 
behaviour of active R networks. However, two pole model ana- 
lysis is very involved as compared to single pole model 
analysis. It is also possible to consider the effect of 
second pole in terms of a delay term added to the single pole 
model. In sub-section 2*14- a new pole-zero model has been 
proposed. This model takes into account the effect of OA 
second pole and at the same time enables analysis of the 
circuit in as simple a manner as with single pole model. Bach 
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of the above models is suitable for a particular frequency 
range . 

2,1.1 Single pole model ; 


Single pole model is based on the single pole, 6 dB/octave 
roll-off of the OA gain. This model is most commonly used for 
active R circuit analysis. 


The single pole model for the ith OA is given by 


A i = 


L . a). . 

OX 1l 


B. 

x 


8 + 


0 ) 


1 i 


s+ <*> 


1 i 


where 


( 2,1 ) 


A q = BO open loop gain 
^/2-rc = f ^ = first pole frequency 

and 

B/2n = gain-bandwidth product. 

Bor internally compensated OAs the typical values of f^,B,/2it 
and A q are 5 to 50 Hz, 1 to 2 MHz and 100 dB .respectively. The 
magnitude and phase response of an internally compensated OA 
are shown in Figure 2.1. Prom the frequency response plot it 
is clear that the single pole model is valid for frequencies 
well below the unity gain frequency. 

If the circuit operating frequency is much greater than 

the OA first pole frequency then equation (2.1) simplifies to 

B, 

A i “ s for “ >5> “ii (2.2) 



Phase (degrees) Magnitude^ B) 




Frequency ( Hz ) 

FIG. 2-1 OA FREQUENCY RESPONSE (a) MAGNITUDE (b) PHASE 
RESPONSE 



This is termed as the integrator model for the OAs. It is 
valid for the frequency range w ® Bor m0s- fc °f the 

active R circuits single pole and integrator model analyses 
lead to identical results. However, in some cases, results 
are drastically different. Por example, in the case of the 
oscillator circuit of Bhattacharyya and Natarajan [l], analysis 
with integrator model shows the circuit to he oscillatory while 
single pole model analysis [2] shows the circuit to be non- 
oscillatory. Hence, it is preferable to analyse any circuit 
with single pole model and then neglect at appropriate 
places in the final expression. 

2.1.2 Two pole model : 

Single pole model adequately represents OA characteristics 
at low frequencies. But, at high frequencies, the second pole 
of the OA causes deviations in the magnitude and phase response. 
One effect of this, for example, is the oscillatory behaviour 
of an active R band pass filter designed for high centre 
frequency and selectivity values. To incorporate the effect of 
OA second pole in the design equations, a two pole model for 
the OA must be considered. The conventional two pole model 
for OAs is given by 
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where 


12 

2-11 


second pole frequency of OA. 


It can be seen from a comparison of equations (2.1) and (2.3) 
that with the two pole model, the order of the denominator 
polynomial of circuit transfer function will he doubled. Thus, 
even for a simple circuit with two OAs the characteristic equa- 
tion will be of fourth order. In the case of second order 
active R band pass filter circuits this leads to difficulty 
in specifying centre frequency (w o /2n;) and selectivity (Q). 
However, with some approximations, two pole model analysis can 
be carried out to obtain the expressions for various para- 
meters. One of the approximations usually made is that the 
OAs are all identical. This approximation enables easy 
evaluation of poles of the transfer function, with two pole 
model [2]. A second approximation usually made, is that the 
operating frequency, w/2tc is much lower than the OA second 
pole frequency, 0 ) 2 / 271 . With this approximation a higher 
order characteristic equation can be reduced to a lower order 
one and then analysis can be carried out with this lower order 
equation. 


2,1.3 Delay model ; 

The magnitude contribution of OA second pole, as seen from 
equation (2.3) is w 2 /(a)^ + w while the phase contribution is 
-tan"’ 1 (w/m 2 ) . For frequencies well below the OA second pole 
frequency 
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(a>2+ w 2 ) 2 


- 1 


(2.4) 


However the phase contribution is non-zero. 

Thus from equations (2.3) and (2.4), for w « Wg, magnitude 
of OA gain, with two pole model is nearly same as that with 
single pole model while the phase is different from that with 
single pole model. Schaumann and Brand [3] have proposed , on 
this basis, a model in which only the excess phase contribution 
of the OA second pole is taken into account, by means of a 
delay term. Their model is 




s+ w 


1 i 
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'ST. 



(2.5) 


for ^ >> • 

1 1 

where t.^= delay .of ^ OA 

The analysis with this model is almost as tedious as with two 
pole model since the expressions will now be in terms of 
hyperbolic functions. 


2.1.4 Pole -zero model ; 

Analysis with the two pole and the delay models is 
cumbersome even for simple two OA active R circuits. Further, 
clearcut expressions for the circuit parameters cannot be 
obtained without further approximations. This difficulty can 
be overcome by the simplified model, proposed here. This 
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model enables study of the effect of GA second pole without 
tedious analysis. 

This model, termed as pole-zero model is obtained as 
shown here. Equation (2.3) can be rewritten as 


h ■ 
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Therefore 


1 


1 + 


s 




- E l< 3 - M 2i> 
“2i (s + “li> 


(2.7) 


( 2 . 8 ) 


for oj << 

Comparison of equations (2.1) and (2.8) shows that analysis 
with the pole-zero model will be as simple as that with the 
single pole model since the order of the characteristic 
equation is unchanged. Since the normal operating frequency 
range of active R networks is much below the OA second pole 
frequency, the pole-zero model is as accurate as the two 
pole model for w«u) 2 i* Further, in the case of band pass 
filters, for example, design equations can be obtained in 
terms of this model and expressions for centre frequency and 
selectivity can be explicitly obtained. 
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2*2 OA parameter measurement ; 

In active RC filters, the OA is assumed to have infinit 
gain over the operating frequency range. Hence, the parameter 
of the OAs do not figure in the analysis. On the other hand, 
in active R networks the OA is modelled as per its actual 
frequency response. Hence, the OA parameters form are 
essential part of the analysis. Consequently, it is necessary 
to measure those parameters of the OA which are relevant for 
active R networks, before any circuit can be designed. The 
OA parameters of interest are : 1) DC open loop gain, A , 

2) first pole frequency, ^/2 tc, 3) gain bandwidth product, 

B/2n; and 4) second pole frequency, w 2 /2n:. & number of methods 

are available for the measurement of these parameters. Out of 
these the method proposed by Graeme et al [5] enables measure* 
ment of the above parameters, quite accurately. 

2.2.1 Measurement of dc open loop gain ; 

A simple set up for the measurement of OA open loop 
gain [4] is shown in Figure 2.2. In this method a second 
OA (A 2 ) is used in a feedback configuration to force the 
output voltage of the OA under test (A^ ) to be equal to the 
voltage ? a . The output of the second OA is applied to the OA 
under test, through a 1 000:1 voltage divider. Hence the 
voltage at the output of A 2 is 1000 times the voltage at the 
input of A 1 required to produce at its output. The gain 




FIG. 2.2 DC OPEN LOOP GAIN MEASUREMENT CIRCUIT 
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is measured as an average by setting Y_ equal to alternately 
+10 volts and ~10 volts and measuring the difference between 
the two values of Y^ that result. The average dc open loop 
gain then is 

A 0 = 1000 (-^) (2.9) 

where 

V = 20 volts in this case, 
a 

2.2.2 0A frequency response measurement % 

Graeme et al [5] have proposed a circuit arrangement for 
obtaining the frequency response (magnitude and phase) of an 
0A. This circuit is shown in Figure 2.3. Here, open loop 
parameters of 0A are measured under closed loop conditions. 

In this method, for a specified output level (output of 0A), 
the corresponding small differential input signal to the 0A 
(at the inverting terminal of 0A) is measured. To improve the 
accuracy of measurement of the differential input voltage to 
the 0A, V_, the voltage divider consisting of R^ and R£ is 
inserted between the summing junction J and the inverting 
input terminal of 0A. Due to feedback Y. is an amplified 

J 

replica of V^. Hence, it can be measured more accurately. The 
frequencies at which the phase shift between output and input 
of the 0A are 45° and 135° respectively, correspond to w ^/2m 
and 2 tc . A Q can be determined by measuring the gain at a 
frequency u <<c . The gain is given by 
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R 1 +R ? V o 


( 2 . 10 ) 


At high, frequencies, where the gain is very low, can he 
directly measured instead of Y . . 

d 


2.2.3 Method of Rao et al 


Rao et al [6] have proposed an admittance measurement 
method for determining the open loop gain and first pole 
frequency. Their circuit arrangement is shown in Figure 2.4. 
Here the 0A is connected in noninverting unity gain mode with 
a resistance R between the noninverting input and output 
terminals. The input impedance (at terminal 1 ) is 



R 



= R(1+A) RA 


for A >> 1 


( 2,11 ) 


Hence, input admittance is 


Y i " RA 


l r !lAi _i r i- + fill 

R L 1 =R Ll o A o J 


( 2 . 12 ) 


where 


1 

w. 


and A q = open loop gain of OA, 


The resistive and reactive parts of the input admittance are 
measured at reasonably low and high frequencies. From these 
measurements A Q and and hence B and are determined. R 
is chosen small enough for convenient admittance measurement. 
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2.2.4 Method of Kapustian et al, ; 

Kapustian et al [7] have proposed a new method for the 
measurement of OA parameters relevant to active R networks. 
The circuit arrangement is shown in Figure 2.5. For this 
circuit, with the two pole model of equation (2.3) the 
transfer function is 


V, 


•( 1 -a)B 


V i s^+( w .j+to 2 )s + (u^ + aB)co2 


(2.13) 


*( 1 -a )B 


s + w 2 s+aBw 2 
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Therefore, 
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( 1 zSL )B 
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DO 


(2.14) 


(2.15) 


From equation (2.13) the phase of gain is equal to tc/ 2 radians 
at an angular frequency 


w a = [ C0 2^ C0 i +aB ^ T 


( 2 . 16 ) 
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At this frequency the magnitude of gain, is 


? 

__c 

V, 


0 ) 


a 


_ ( 1-a)B 
“a 


(2.17) 


Hence from equations (2.14) to (2.16) and ~ 2 


w _ can he 

determined. The procedure is to first obtain the dc gain of 
the circuit of Figure 2.5. Next, determine the frequency 
(w /2 tc) at which the phase shift is exactly 90° and obtain the 

£L 

gain at this frequency. From these measurements, (at dc and 
at w a ) all the parameters can be determined. The drawback 
of this method is the difficulty in precisely determining 
the frequency, at which the phase shift is 90°. This is 
because, over a fairly large frequency range the phase angle 
is close to 90°. Thus this method can be used only for 
approximate measurements. 


2 . 3 Conclusions : 

In this chapter the different 0A models suitable for 
active R circuit analysis have been described. The single 
pole and integrator models are suitable for low frequency ana- 
lysis. For higher frequencies, the two pole model is essential 
to account for the effects of 0A second pole. A new simplified 
two pole model (pole-zero model) has been proposed to incorporate 
0A second pole effects in the design equations. This model 
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considerably simplifies circuit analysis. A few methods for 
the measurement of 0A parameters, relevant to active R 
networks, have been given. Out of these the method proposed 
by Graeme et al [5] seems best suited from the point of 
view of active R circuits. 
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CHAPTER III 


SYNTHESIS OF BANDPASS AND LOWPASS FI ITERS 

Band pass (BPF) and low pass (LPF) filters find a wide 
range of applications in instrumentation and communication. 
Similar to the case of active RC filters, a large number of 
active R band pass and low pass filters have been reported in 
literature. All the second order active R BPF circuits have 
the characteristic that while BPF response is available at 
the output of one OA, simultaneously LPF response is available 
at the output of the other OA in the circuit. This feature is 
usually not obtainable in active RC BPFs. 

In this chapter new synthesis techniques for inverting 
and non-inverting BPF and LPF are proposed. The BPF synthesis 
technique also realises the circuits of laker et al. [l], li and 
Li [2], Srinivasan [3], Soderstrand [4], Mitra and Aatre [5] and 
Ho and Chiu [6]. A new BPF circuit with multifunction capability 
has been synthesised. To take into account the effects of OA 
second pole, this circuit has been analysed and design equations 
developed, based on the newly proposed pole-zero model for the 
OAs. The circuit has low sensitivity of centre frequency and 
selectivity to all active and passive parameters. 

The synthesis technique for non-inverting LPFs leads to the 
active R chain networks proposed by Venkateswaran [7]. New 
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inverting EPF of nth order has been synthesised. Experimental 
results for the BPF and an EPF circuit are included. 


3.1 Band pass filter 


The ideal second order BPF transfer function is 




I B p(s) 


t S 0 (^)3 


2 / w o s 2 

a + (g^s + < 


(3.1 ) 


where 


Wr 


^ *s BPF centre frequency in Hz 


Q ss selectivity 


Gr Q = resonant gain (gain at a) Q ) 

and 

+ signs correspond to non-inverting and inverting BPF 
functions respectively. 


Thus W 0 »Q and G Q are the three main parameters for a 
band pass filter. The requirement for any BPF circuit is that 
with W 0 »Q and Gr 0 independently specified all the component 
values must be determined. In some circuits, once and Q are 
specified, is automatically fixed. This is a disadvantage 
since there is no control over gain in this case. 

3.1.1 Non-inverting BPF synthesis s 

The non-inverting BPF transfer function can be written as 
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T B p( s ) 


Ks 


s +(a-*b)s+c 


E 


1 


k 2 

( s+d ) 


[s^+(a~b)s+c]/[s( s+d ) ] 


K 

E i ' <ifa> 


& 2 f (a-d)s+c 


' + <5?S) 


k 2 s 



where = K and d = arbitrary parameter. 

This transfer function is of the form 


(3.2) 


(3.3) 


T(s) 


EG 


1+&[^(s) - p 2 ] 


(3.4) 


where 


E, 


G represents an amplifier with gain = 


p^(s) represents frequency dependent feedback 


and 


factor = [(a-d)s+c]/[K 2 s] 


P 2 represents frequency independent feedback 
b 


factor = 


K, 


The block schematic and signal flow graph corresponding to 
this transfer function are shown in Figure 3.1. The amplifier, 
with gain G, can be realised by an internally compensate OA, 




FIG. 31 BPF CONFIGURATION (a) BLOCK SCHEMATIC 
(b) SIGNAL FLOW GRAPH 



BG 3-2 


NON INVERTING BPF 
CIRCUIT 



FIG. 3-3 INVERTING BPF CIRCUIT 
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whose gain, based on single pole model is B^/(s+ w ). The 
frequency dependent feedback factor p^(s) can be rewritten as 


e,< s > =!f + 


(3.5) 


The first term in (3,j(s) can be realised by a resistive divider 
while the second term can be realised by an OA with an attenual 
at its non-inverting input terminal. Then P^(s) is obtained by 
resistive summation of the two. is realised by a resistive 

divider. The obtained circuit is shown in Figure 3.2. In this 
circuit 

a(l-p)B 2 


G = B 1 


s+w^ * 


<*(l-p)B p 

= f + ' ' (a+^'gj ‘ P 


s 


for u » « 


12 


po = Y, K. S 1 -Y and K 0 = B, 


where 


(3.6) 


R a R c R e 

a ~ R a +R h ’ p = and Y = V R f 

a b c d e f 

The transfer function of the circuit is 


v (l-y)B (s+ a ) 

«•) h — — 


( 1 — y )B 1 s 
D 


(3.7) 


12 


for u) » oj 
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where 


D — ^ 2 +( )B ^ ] s+w ^ 2 + ( P"”Y )B<| 2 +a ^ ""P ^2 

Comparison of equations (3.1) (for the non- inverting case) and 
(3.7) yields the following design equations : 


(1~y)B 1 

n 2° 

- ®0 Q 

(3.8) 

( fi-Y )B^ 

= ~t " “ll - “12 

(3.9) 

a(l-p)B 1 B 2 

O ? Wa 

~ o + 12 12 Q 

(3.10) 


Thus, from equation (3.8), y can he obtained in terms of w 0 ,Q, 
C Q and OA parameters. Then {3 can be determined from equation 

(3.9) and finally a can be obtained from equation (3.10). Thus, 
it can be seen that with U 0 »Q and G Q independently specified. 
a,{3 and y values can be determined from equations (3.8) to 

(3.10) . The expressions for ^ 0 ,Q and G Q are : 

“o = fW lt W 12 + + a(l-p)B 1 B 2 ]^ (3.11) 


^ w 11 w 12 + (P-Y)®^^ + a ( 1 "‘P) B i B 2^ 

q ~ ~ + oij'g + ( P“Y 

(i~y)b 1 

G o = + » 12 "+ (p-y )B 1 


( 3 . 12 ) 


(3.13) 


As is typical of all active R circuits, here also the filter 
characteristics are dependent on resistor ratios and not on 
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individual resistor values. From equations (3.11) to (3.13) i 1 
is observed that approximately 




Q a (^)* 


1 


and G- q is independent of and Bg. 

Hence, variations in and Bg alter w Q considerably while 
the effect on Q q is negligible if the B variations are 
identical for both OAs (true if the two OAs are on a single 
chip). The gain -band width product variations are mainly due 
to temperature variations. If OAs with temperature stabilised 
gain-band width products are used in the circuit then varia- 
tions in co q with temperature can be very much reduced. An OA 
of this type is the National Semiconductor quad OA LM324. 


3.1.2 Inverting BPF synthesis : 

The inverting band pass transfer function can be written 

as : 



(s) 


- Ks 

'"T' Tir " ' ■' " 

s + (a-b)s + c 

- (K 2 /s+d) 

[s 2 + (a-b)s + c]/[s(s+d)] 


K^-Kg/s+d) 


~K 


1 + 


2 \ rh 


( — -)F 

K s+d n 


K, 


la-dls+c, i 

KgS J 


(3.14) 
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where K^K 2 = K and d = arbitrary parameter. 
This transfer function is of the form 


T(s) = L - 


1 + &[ ^ 


(3.15) 


where 


-K 

G- represents an amplifier with gain = ~| 


j3^(s) represents frequency dependent feedback 
factor « [ (a-»d)s+c]/[K 2 s] 

P 2 represents frequency independent feedback 

Id 

factor = &- . 

K 2 


Equation (3.15) is of the same form as equation (3.4) except 
for the reversal in signs of G,p^(s) and p 2 . Hence, the 
inverting BPF circuit can be realised from the circuit of 
Figure 3*2 by simply reversing the polarities of both the OAs. 
The circuit realisation is shown in Figure 3.3. The transfer 
function for this circuit, based on single pole model, is 


T(s) 



"■( 1 -Y )B 1 ( s+ w 1 2 ) 
_ 


~( 1 -y )B t s 
D 


(3.16) 


12 


fop ^ ^ w 
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where 


D = s^+[w^+w^ 2 + ( ^ J 3+ w i ^ 2 + 1 2 +0C ^ ^1^2 


R 


a =s 


a 


R 


v\ • 


P = 


R +R, ’ 
c d 


R 0 

Y R e +E f 


Comparing equations (3,1) (for the inverting case) and (3.16) 
the design equations for the inverting BPF circuit are obtained 


as 


(i-y)b 1 

_ r «0 
- s 0 Q 

(3.17) 

(y-P) Bj 

W o 

— „ w „ 0) 

Q 11 12 

(3.18) 

ad-^B^g 

2 2 w o 

= “o + “12 - “12 ~Q 

(3.19) 


Thus, for the inverting BPF circuit, with w q ,Q and & 0 
independently specified, values of a,p and y and hence the 
resistor values can be determined from equations (3.17) to 
(3.19). The expressions for u Q , Q and G- Q for the inverting 
BPP are the same as equations (3.11), (3.12) and (3.13) res- 
pectively, except for the replacement of (g-y) by (y-p). 

3.1.3 Multifunction capability ; 


Circuits with multifunction capability are useful since a 
variety of filter functions can be realised from a single 
circuit with a small number of components and minimum component 
changes. The circuit of Figure 3.3 has this capability. For 



this circuit, the transfer function at the output of the 
second OA is 
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V aO-y^Bg 


12 = 

V, 


D 


where D is as defined in equation (3.16). 


(3.20) 


The corresponding transfer function for the non-inverting BPF 
circuit of Figure 3.2 is obtained by replacing (y-p) by (p-y) 
in equation (3.20). Thus, the inverting and non-inverting BPF 
circuits realise non-inverting low pass functions in addition 
to the band pass functions. Further, as is shown subsequently, 
in Chapter IV on all pass filters and in Chapter VI on notch 
filters, from the inverting BPF circuit, all pass and notch 
functions can also be realised by including three additional 
resistors. In equation (3.16), which gives the transfer 
function of the inverting BPF circuit, if 


P = 



+ w 


12 


+ yB , 


B, 


(3.21 ) 


then the denominator 's' coefficient becomes zero. Thus, up.der 
this condition the circuit behaves as a sinusoidal oscillator 
with its angular frequency of oscillations given by 


w. 


= + (Y-P)B t w 12 + a(l-p)B 1 B 2 ] 


( 3 . 22 ) 


The corresponding condition for oscillations for the non- 
inverting BPF circuit is 
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Y 



0) + 
12 


pB. 


B. 


(3.23) 


The angular frequency of oscillations is given by equation 
(3.11) under the above condition. 

Thus the circuit of Figure 3.3 realises inverting BP, 
non-inverting IP, AP, Notch and oscillator functions. The 
circuit of Figure 3.2 realises non-inverting BP and IP and 
oscillator functions. 


3.1.4 Alternate non- inverting BPF realisations ; 


Equation (3.3), for non-inverting BPF, can be rewritten in 
a different way to realise some of the reported non- inverting 
BPF circuits. One way to write equation (3.3) is 


Tgp ( s ) 


E 


1 


E, 

s+d 


K, 


1 + ^ s+d^ t K 


a-b-d 


+ - 2-1 
+ K 2 s j 


(3.24) 


This is of the form 


KG 

T (s) = * + s ) + p 2 J 


(3.25) 


i.e., both the feedbacks are negative. The corresponding cir- 
cuit realisation, shown in Figure 3.4 is by laker et al. [l]. 
The transfer function for this circuit is 


T(s) 



B. 


s+w 


11 


1 + ( 


B, 


S+0) 


11 


apB 0 

)[(l-fi) + —j 2 ] 


(3.26) 


12 


for w » w 
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where 


R 


a 


a 


R. 


R. 


R+R^ * 
a b 


P = 


R +R. 

c a 


and 


R e +R f 


At the output of the other OA, a non- inverting IP transfer 
function is realised. Thus, this circuit, with two OAs and 
six resistors realises only non- inverting BP and IP functions. 
The circuit of Li and li [2] also follows from equation (3.24). 
This circuit, shown in Figure 3.5, uses two OAs and seven resi- 
stors. Its transfer function is 


T(s) 



R_ 

R„ 


B. 


■ s+ 


CO 


1 1 


1 + ( 


B. 


s+ u 


1 1 


)[a + 


R 


R 3 s J 


(3.27) 


for w >> 


where 


R = R | j R J j R, 


R 


R 


a 


R a +R b 


P = 


R c +R d 


At the output of the other OA in this circuit, an inverting IP 
transfer function is obtained. Srinivasan [3] has proposed a 
non-inverting BPF circuit, using two OAs and six resistors. 
This circuit, shown in Figure 3.6 has the transfer function 


T(s) 



B.jAs+u^ 1 ) 


B 


^ + (g+W ) [<X + 


11 


( 1 

t 

8 . 


12 


(3.28) 


for w » to 
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where 


R 


a = 


a 


R a +R b 


At the output of the other OA in this circuit, a non-inverting 
LP response is obtained. Prom equation (3.28) it can be seen 
that this circuit is of the same form as that of Laker et al 
[l]. This circuit of Srinivasan, has the advantage of high 
input impedance. But it has a major limitation that only one 
of the three parameters, io Q , Q and G- , can be independently- 
specified. 

3.1.5 Alternate inverting: BPP realisations : 


Equation (3.14) could be rewritten as 


T(s) = 


~ K ? 

iiS5d> 


, " R 2 \ r a-b-d 
1 + ^ s+d L ~ “ ' 


(3.29) 


_ - 2-1 
K 0 Khs J 


-2 2 

The corresponding inverting BPP realisation, proposed by 
Soderstrand [4j is given in Figure 3.7. The transfer function 
for this circuit is 

■B, 

7, 


(§-x^-) 


T(s) 




1 ^ 


-B 


R 


RB, 


(3.30) 


^ + ( s+o) 11 )[ " R 2 R-jS 


] 


for w » a). 


12 


where R = R^ j ( R 2 | | R^ . 




R, 




FIG. 3-8 8PF CIRCUIT OF MITRA AND A AT RE 
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This circuit of Soderstrand has only three resistors and two 
01s. But it has the disadvantage that only two of the three 
parameters, u> 0 ,Q and G can he independently specified. 
Soderstrand' s circuit has an inverting IP response at the 
output of the other OA. With the addition of three more 
resistors this circuit can realise all pass and notch functions 
It cannot realise non- inverting BPF and oscillator functions. 


The inverting BPP circuit of Mitra and Aatre [5] also 
follows from equation (3.29). This circuit, shorn in Figure 3.£ 
has the transfer function 


T(s) 


V 


o „ 


R_ 

a. 


-B, 


s+to 




i + ( 




u 


S+W 


11 


) [■ 


a. 

a. 


a§B 2 


(3.31) 


s 


for w >> <•> 


12 


R 


where R sR^IIr^Jr^, a = and p 


R 


R +Rj 
c d 


In Mitra and Aatre' s circuit, w q ,Q and G Q can be independently 
specified. With the addition of three resistors the circuit 
can realise all pass and notch functions. A non- inverting LP 
response is obtained at the output of the other OA. However, 
this circuit uses seven resistors as compared to six in the 
newly proposed BPP circuit of Figure 3.3. Also, it cannot 
realise non-inverting BPF and oscillator functions. 
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The circuit of Ho and Chiu [6] also follows from equation 
(3.29), This circuit can be obtained from the BPF circuit of 
Figure 3.3 by making R q = 0 and R^ = 00 . The transfer function 
for w >> is 


T(s) 



(3.32) 


where 


R. 


a 


R a +R b 


„ R e 

and y - R e +R f 


This circuit also realises a non-inverting IP function at the 
other OA output. It can realise AP and notch functions with 
the addition of three more resistors. Further as shown by 
Venkateswaran [8] it realises a notch response at the inverting 
input terminal of OA,A^ . However, it cannot realise non- 
inverting BPF and oscillator functions. 

3.1.6 Sensitivity analysis ; 

Sensitivity of a circuit is a measure of the degree of 
variation of its performance from nominal, due to changes in 
the components of the circuit. It is desirable to have circuits 
with low sensitivity to parameter changes. In band pass filters, 
the sensitivity figures of interest are the sensitivities of 
w 0 ,Q and G- 0 to all active and passive parameters of the filter. 
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Sensitivity is defined as 


jn /3iw/3x^ 8m 
^ = (-£•)/(—) = 8 ~ * 


X 

m 


(5.33) 


where sP = sensitivity of 'm' with respect to ' x* . 


For the non-inverting BPF circuit of Figure 3.2 w 0 ,Q and G 0 
sensitivities, with respect to all active and passive para- 
meters have been obtained. These are given in Table 3.1. 
From the tabulation, the following features can be noted. 


“o “o “o “ o 

s w + + S B + S B 

11 12 a 2 


w 


+ S 


1 1 


V + ^ + \ 


G G- Gk 

S w 0 + S 0 + Sg 0 + Sg 0 

“ll W 12 B 2 
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R=R_ 


S. 


“c 

'R 


R, 


= i 
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Q 
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R=R 


a 


= 1 


= 0 


= 0 


R. 


f G, 


= l s 


’R 


0 


R=R 


a 


(3.34) 


All passive and active sensitivities are less than 1 . 

Only resistor ratios figure in the expressions for w 0 > Q,G 0 
[equations (3.11) to (3.13)]. Hence, the algebraic sum sensi- 
tivity of, each of w q ,Q and G 0 with respect to the six resi- 
stors is zero. While the algebraic sum sensitivities of Q and 
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11“12 + (f-r)B^ 2 +a(|. p ) B j 
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(2.6). This is reproduced below 


A. = 

l 


“2i (s + a) 1i } 


(3.35) 


With this model, the transfer function for the non-inverting 
BPP circuit is 


i B p( s ) - v ± 


(1-T)B lM22 (eV> 12 )(“ 2 i-B) 

D 


(l-y)B a 0) 22 s 

“ t (3.3' 

for ^21 »» and w » w ^ 

where 

D = [ w 21 w 22 ~ (P~Y)B 1 w 22 +a( 1-p)B 1 B 2 ]s 2 

+ W 22^ W 1 1 +t °1 2 + ^ ^ *”( P— Y )B ^ 2 W 22 

- a( 1~p)B 1 B 2 ( a)21 +u 22 )]s+w 21 W22[^ 1 jU) ^ 2 +( p-y )B.j w 12 
+ a(l-p)B 1 B 2 ] 

Prom equation (3.36) expressions for centre frequency ( w ^) 
selectivity (Q 1 ) and resonant gain (G^) based on pole-zero 
model can be obtained as 
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03 


O 


f"21»2 2 [“h m 12 +(P--y)e ; “ 12 +«(i-P)b | b 2 ] 
u 2 1 u 22"”^ P""7 ■] ^22 ^ ^ ~™~™ 


(3.37) 


Q’ 


to 


o ^- u 21 W 22 ” ^ P"”Y i W 22 ^ ^ "”P)®-]®2^ 


(3.38) 


and 


G' 

o 


( 1 ~Y )B w 0) 

_ JL-—L 21 22 


(3.39) 


where 

B = “ 21 »2 2 [“ 11 +“ 12 +(P-r)B 1 ]-(P-Y)B I “ ia » 22 -«(1-P)B 1 B 2 (^, + - 22 ) 


Uq, Q’ and G^ can be expressed in terms of w q ,Q and G Q the 
corresponding parameters based on single pole model, by 
substituting for (l-y)B^, (p~y)B,j and a(l~p)B^B 2 from 
equations (3.8) to (3.10) in equations (3.37) to (3.39). 
This leads to the following expressions for oo^y Q' and G^. 


t0 o t<0 


2 l w 22 03 o 
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(0 0 ) 
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Wo 
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(w 22 +W l2 )+W o 


+a) 22 ( “l1 +W 12 )+W 12- i 
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CO CO -,. 9 . 

21 22 Q 


“o(“21 + “22> 


for and <<C “ 0 


(3.41) 


and 


Or. 


G o 


fc 


W 21 W 22 


“c 

(i) U)_. _ *™ 

21 22 Q 


“o<“21 + “22 ) 


(3.42) 


Prom equation (3.40) it is seen that the centre frequency 
is practically unaffected by the effect of 0A second pole. 
Equations (3.41 ) and (3.42) show that both selectivity and 
resonant gain are enhanced due to the effect of second pole. 

If and Q are so chosen that 




(« 21 + w 

W 21 “22 



(3.43) 


then both Q’ and Q' 0 become infinity, i.e., the circuit becomes 

oscillatory. Thus equation (3.43) gives the loser limit for 
w o 

the ratio . Kapustian et al [9] have arrived at a 

similar result as equation (3.43) by a lengthy analysis with 
the conventional two pole model', assuming the two OAs to be 
identical. They have suggested introduction of a small 
capacitor - across R^ in the BPF circuit of Mitra and Aatre 

[5], shown in Figure 3.8 to compensate for the excess phase 

1 

contributed by the OA second pole. 
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3.1*8 Design equations based on pole-zero model : 

An alternate procedure to eliminate the effect of OA 
second pole on BPP performance is to obtain the design equa- 
tions for the circuit from equations (5-37) to (3-39) instead 
of from equations (3.8) to (3.10). Prom equations (3.37) to 
(3.39) with Q* and G^ replaced by w q ,Q and G Q the design 

equations are obtained as 

1 4 -ho^w 4/ J] 

(3.44) 
'I 

2 ' 


,1, S ° C ~r M |l M 22 + M o( M ll- M L +M 22 M 11 W 

(1 ~ Y )B 1 " / 2 . w o p \ 

X w o + w 2i <r + w p 1 ) 


(P~Y )B 1 


= *21^22^ Q 

2 2 
! (w o + W 21 Q~ + w 21 ) 


(3.45) 


o>22 ' 


and 


= -2 


“2, “22 “c 


_ , wo 2 
% W 21 Q + U 21 


(3-46) 


Since w and w i2 <<W 21 and W 22 


Hence, from equation (3.44) y can be obtained in terms 
of U 0 ,Q, G Q and OA parameters (including OA second pole 
frequency). Then p can be determined from equation (3.45) and 
finally a can be obtained from equation (3.46). Thus the 
effects of OA second pole are incorporated in the design equa- 
tions obtained using the pole-zero model. BPP circuits designed 
on the basis of equations (3.44) to (3.46) can operate at higher 
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centre frequencies and Q values as compared to the circuits 
designed based on single pole model for Oils. At the same time, 
the design procedure is as simple as that with single pole 
model analysis. 

5-1*9 Experimental results % 

The non-inverting band pass filter circuit of Figure 3.2 
was tested using two HE 536 OAs, 0.5 percent metal film resis- 
tors and miniature multiturn potentiometers. The relevant 
parameters of the two OAs were measured using the method of 
Graeme et al [ 1 0 ] . All voltage and resistance measurements 
were carried out using Philips model PM 2522 digital voltmeter. 
Phase measurements were done with HP 1 742A, 100 MHz. dual trace 
oscilloscope. Frequency measurements were made with ECIL 
frequency counter, model EC 730. HP 651 A test oscillator was 
the signal source. The measured parameters of the OAs are 
given in Table 3.2. 


TAB IE 3.2 

0A Parameters (HE 536) 


Parameter 

0A 1 

OA 2 

k 

12.0 

11 .0 

(MHz) 

4.0 

4.0 

(MHz) 

2.63 

2.59 

V 

cc 

Temp, 

+ 12V 

27°C 

+ 12V 
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The BPF circuit was tested for three different sets of 
specifications. The experimental and theoretical values are 
shown in Table 3.3. 

TABLE 3.3 

Band pass filter performance 


BPF 


w o /2m (KHz) 


Q 


G o 

Theo. 

Expt . 

Theo. 

Expt . 

Theo 

. Expt . 

(a) 

250 

250 

10.0 

9.98 

105 

105 

(b) 

250 

251 

25.0 

25.3 

260 

262 

(c) 

500 

500 

25.0 

24.9 

133 

132 


The resistor values ( in 

Kilo ohms) for the 

three 

sets of 

specifications 

are given in 

Table 3.4 

• 





TABLE 3.4 






Resistor values for band pass filters 


BPP 

. R 

' (K 0) 

“b 
(k n ) 

R c 

(K« ) 

R, 

d 

(K« ) 

E e 
(Kfi ) 

H f 

(EQ ) 

(a) 

1 .00 

105 

1 .00 

38.0 

1 .00 

100 

(b) 

1 .00 

109 

1 .00 

38.7 

1 .00 

100 

(c) 

1.00 

25.0 

1 .00 

14.6 

1 .00 

100 
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The BPF frequency responses are shown in Figures 3.9 to 
3.11. From the obtained responses, the validity of the pole- 
zero model and its usefulness in designing BPFs with large 
o> 0 and Q values is seen. 

3.1.10 Comparison of BPP circuits ; 

The newly synthesised BPF circuit has multifunction 
capability. It provides inverting BP, non-inverting BP (with 
polarities of both OAs reversed), non-inverting LP and osci- 
llator functions. With the addition of three more resistors, 
as suggested by Mitra and Aatre [5], it can realise AP and 
notch functions. A comparison of the new circuit, with 
reported BPF circuits in terms of number of resistors and 
functions realised is given in Table 3.5. 

All the inverting BPF circuits can realise AP and notch 
functions with the addition of three more resistor . From 
Table 3.5 it is seen that only the newly proposed circuit 
realise* three separate functions, viz., inverting or non- 
inverting BP, non- inverting IF and oscillators. The circuit 
have the desirable characteristic that they can be 
designed, based on single pole or pole-zero model for OAs, with 
w q ,Q and G Q independently specified. Soderstrand* s circuit 
uses only three resistors to realise inverting BP and IP fun- 
ctions. But it has the disadvantage that, once and Q are 
specified. & 0 is automatically fixed. The circuit of Mitra 






I 




1 


9(3 




FIG. 3-9 


210 250 290 330 370 ' 

Frequency { KHz) 

NON INVERTING BPF FREQUENCY RESPONSE 
( f 0 = 2 50 KHz ,0 ~ 10 } 




170 210 250 280 


Frequency (KHz) 

-IG. 3.10 NON INVERTING FREQUENCY RESPONS 

(f, ; . a 2 5 0 K 1 1 7. .. 0 -7\ . 



jglG. 3,11 NON INVERTING BPF FREQUENCY RESPONSE 
(f o =500 KHzvQi i 2& ^' ” 




63 


TABLE 3.5 



Comparison of band 

pass filters 


Circuit 

Figure 

Humber of 

Functions 


Ho. 

resistors 

realised 

Proposed 

3.2 

6 

HIHV BP and LP, OSC 


3.3 

6 

IHV BP, HIHV LP ,OSC 

Laker et al. 

3.4 

6 

HIHV BP, 

HIHV LP 

Li and Li 

3.5 

7 

HIHV BP, 

IHV LP, 

Srinivasan 

3.6 

6 

HIHV BP, 

HIHV LP 

Sod er strand 

3.7 

3 

IHV BP, 

IHV LP 

Mitra and Aatre 3.8 

7 

IHV BP, 

HIHV LP 

Ho and Chiu 

3.3 

(with H c =0, 

R d = 00 ) 

4 

IHV BP 

HIHV LP 

note : ihv = 
osc = 

inverting, HIHV = 
oscillator. 

non- inverting , 



and Aatre uses seven resistors to realise inverting BP and non- 
inverting IP. However, it does not realise oscillator function. 
Ho and Chiu' s circuit realises the same two functions with only 
four resistors. But in this circuit only w 0 and Q can be in- 
dependently specified. The non-inverting BPF circuits of 
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laker et al,, Li and Li and Srinivasan realise just two 
functions with , six, seven and six resistors respectively. 

Of these the circuit of Laker et al. has minimum number of 
resistors and at the same time has facility for specifying 
u> o ,Q and G q independently. 

If both non-inverting and inverting BP and LP transfer 
functions are required from a single circuit then more number 
of resistors are required. The two circuits of Schaumann and 
Brand [11 ], with seven and eight resistors respectively, 
realise these. These circuits, shown in Pigures 3.12(a) and 
3.12(b), however, do not realise oscillator function. 


3.2 Low pass filter : 

3.2.1 Non-inverting IBB synthesis : 

The typical nth order non-inverting low pass transfer 
function is 


T Lp (s) - 


n 


s + 3, « s ^ -f a 0 s + a s + & 

1 d n— 1 n 


(3.47) 


This could be written in the form 


b i b p ... b 

T T -n(s) = ~ rr -* 3 

_,£1 , -i H’*"! , r -L , -l T_ 

s + b ^ s + b 1 b 2 s + ... + b 1 b 2 ... b Q 


(3.48) 


let us consider the first order non-inverting low pass transfer 
function 
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t epi ( s) 


1 


Equation (3.49) can be rewritten as 


(3.49) 


1 ^,( 3 ) 


b 1 /(a+o 1 ) 


b b ~c 

1 + 


b 1 /(s+c 1 ) 


t + 


s+c, 


(3.50) 


for « b^ 


where c^ = arbitrary parameter. 

This transfer, function is of the form 


Ha) = 


1 + G 


(3.51) 


i.e., an amplifier of gain G, with unity negative feedback. 

B 1 

This amplifier can be realised by an 0A of gain (-— J ) 

St (A)^ <j 

followed by a resistive attenuator. The realised configuration 
is shown in Figure 3.13(a). The transfer function of this 
circuit, at node 2 is. 


T(e) = 


I°L 

v i 


aB 


1 


s+w. ,+ctB.. 
1 1 1 


(3.52) 


where 


aB, 


s+aB. 


, , for aBj » 


R 


a = 


R+R-. 
a b 
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By comparing equations (3.49) and (3.52) the design 
equation for the first order non- inverting LPF can he obtained 

as 

b: 

a (3.53) 

B i 

Thus, as in the case of all active R filters, only resistor 
ratios and not individual resistor values matter . Since 
a <1, the maximum realisable value of b^ is B^, the gain- 
bandwidth product of the OA. At node 3, the transfer function 
is 


o2 

V i 


B 


1 


B 


s+ ^ + aB^ 


1 


s+ccB 


1 


for aB^ >> w (3.54) 


Thus, while a IP transfer function with unity pass band gain is 
realised at node 2, a non-unity gain LP transfer function is 
realised at node 3. Taking output from node 3 is preferable 
since the output impedance is lower at this node. 

The second order non- inverting IP transfer function is 


T I£2^ " 2 


Vz 


s +b.jS+b,|b 2 


(3.55) 


Rewriting the transfer function we get 

b 0 b 1 
_2_ \ / L 




(■=* ) ( 


s+c 


s+b 


1 


■) 


i+tef-M; 


s+c 2 / 's+b 1 


)V 


^ c 2 s+b 1 b 2 -b 1 c 2 


bib 2 


) 


“)(■ 


b. 


s+c 2 ' v s+b^ 


1 + ( 


b b 
— L-)( — L-) 
s+c 2 ' v s+b ^ ' 


(3.56) 
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for c 2 « t-j and c 2 << b 2 

where c 2 = arbitrary parameter 

This transfer function is of the form 


s T Tl p,(s) 

I(S) ■ Hetogfra} 


where G represents amplifier with gain ( r— ~ ) 

St Cy 


(5.57 ) 


and Tj^p^Cs) = first order non-inverting IP transfer function. 


G- can he realised by an OA followed by a resistive attenuator. 
Then the second order non- inverting HP can be realised by 
cascading this amplifier with the first order noninverting 
LPF circuit of Figure 5.15(a) and applying unity negative 
feedback across the combination. The circuit, shown in 
Figure 5». 15(b) has the transfer function 


V apB B 

(p( s ) _ 3 e 

V i s^+(^ ^+0) ^ 2 +aB^ )s+ w .j ^ 2+aB^w^ 2 +apB 1 B 2 

apB^g 


s^+aB^ s+apB^g 

for aB^ >> (w^ + u)| 2 ) an ^ ^®2 >>U> 12 


(5.58) 


R_ 


R. 


where a 


K + K 

a b 


and p 


V R d 


Comparison of equations (5.55) and (5.58) gives the following 
design equations for the second order non-inverting LPF circuit, 
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„ _ JL 
a " B 1 » 


P = 


B, 


(3.59) 


Since a and j3 are ^ 1 , the maximum realisable values of b^ and 
b 2 are equal to and B 2 respectively. At node 3, a nonunity 
gain non-inverting IP response is obtained. 

The third order non-inverting IP transfer function is 


T IP3^ s ) 


b 1 b 2 b 3 


3 2 

s +b,s +b, b 0 s+b.b-b, 
1 12 12 3 


(3.60) 


This can be rewritten as 

( 


b-x b b 

— *)(■ — 




s+c,' ' 2, , 

j S -fb.jS+D.jUg 


) 


H <=*-)( 


V2 


s+c 3 s +b 1 s+b 1 b 2 

b b.b 

( s+c^^s^+b^ 

s+b 1 b 2^ 


)t - c ^-V ; s+V 2V V 2 ° ? ) 


1 + ( s+c )( 


. b .l b g. 


3 s +b.jS+b^b 2 


Vs b 3 


(3.61) 


for c^ «b,j, b 2 and b^. 
Hence, 


T IP 3(s) 


( sdb } t lp2^ 


i+(: 


‘)T t ~( s) 


s+c^ Ip 2 

The circuit configuration is shown in Figure 3.13(c). 
transfer function for this circuit is 


The 
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I(s)= I°i ■ fW? 

V i s^+aB 1 s^apB^BgS+apyB^BgB^ 


(3*62) 


for aB 1 » “ i +w 1 2 +( ° 1 3 


PB 2 »o) 12 + o > i3 
and yBj » ^ 


where 


R 


R 


a = 


P = 


and y = 


V R b ’ K ' V R d ' ' R e +R f 

Comparing equations (3.60) and (3.62) , the design equations are 


h 

B i 


a = ?r*- , p = ~ and y 


h 

B, 

3 


At node 3 the transfer function is 


T(s) 



PyBjBgB^ 

s^+aB^ s 2 +apB 1 B 2 s+apyB^B 2 B 3 


(3*63) 


i.e., a non-unity gain non- inverting LP response is obtained at 
this node.. Here the output impedance is low. The first* 
second and third order filters realised are the same as the 
circuits proposed by Venkateswaran [7j. 

Prom the previous analysis for first, second and third 
order low pass filters, a general method for the synthesis of 
nth order non- inverting IP transfer function can be obtained. 
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The nth order transfer function, given by equation (3.48) can 
be rewritten as 


^LPn^ ” 


*s T hP(n-l) (s) 

1 + T IP(n~1 ) s 


(3*64) 


where 


T lP(n-l)^ = 


b i b 2 m V-i 

s ^+b^s n ^+b^b 2 s n 'V. . ,+b ^2 * » .b^^ 


Thus, the nth order non-inverting low pass filter can be 

obtained by cascading an amplifier of gain ~ with the (n-1 ) bil 

s 


order non-inverting low pass filter and applying -unity negative 

•w « 

feedback across the combination. The amplifier of gain ~ 

B - 8 

can be realised by an OA with a gain — * (for u » w ,, ) followed 

S I 1 


by a resistive divider* The nth order IPf has n OAs and 2n 


resistors. The realised LPf circuits have high input impedance 
(ideally infinity). 

J 

Acar [12] has arrived at a general nth order non-inverting 
low pass configuration using the signal flow graph approach. 
Acar's circuit shown in figure 3.14 has n OAs and 4n resistors. 
Thus the circuits of figure 3. IS have a lesser resistor count 
as compared to the corresponding circuits of Acar [12]. further 
Acar's circuits have low input impedance while the newly syn- 
thesised circuits have, ideally, infinite input impedance. 
Acar's circuits require a number of matched resistors. Hence, 
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the synthesised circuits are superior to those of Acar. 

The synthesised third order circuit, shown in Figure 
3.15 r ;c) is identical to the circuit of Bhattacharyya and 
Natarajan [l3]. In equation (3.63) which gives the transfer 
function of this circuit, if 


aB ^ £ yB^ 

then the circuit becomes oscillatory. This is true of any 
third order system. If aB^ is always kept greater than yB^, 
then the circuit remains absolutely stable. 

3.2.2 Inverting IFF synthesis ; 

The first order inverting LPF transfer function is 


-a. 


T 


LP1 


(s) 


(3.65) 


This can be rewritten as 


-a. 


’W 8 * = 


a i ( S?d- ) 


-a, b -d 


where ei | a 2 = a 0 and d = arbitrary parameters. 


( 3 . 66 ) 


For b^ >> d 


T x I pi< s > 


a. (—-~) 
1 ■ s+d y 


-& 0 b 1 


(3.67) 
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The corresponding circuit realisation, shown in Figure 3.15(a), 
has the transfer function 

V Q ~(l-a)B 
T(s) = = s + w 11 + (a4)B 1 


~( 1-a)B 1 
s+(a~p)B ’ 


( 3 . 68 ) 


for (a-p)B 1 » 


where 


“ = R « +K h * P 
a b 


R +R, 
c d 


Comparison of equations (3.65) and (3.68) gives the design 
equations as 


B.-a, 


B r a 0 -t, 


(3.69) 


The limitation on maximum realisable a Q and b^ values is 

a o +lj 1 f B 1 

The transfer function of a second order inverting IFF 
can be written as 


' r iP2 (s) * _2 , , ! 


s +b 1 s+b 2 


(3.70) 
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This can he modified as 


T L p 2 ( s ) " 


mm ^ w z 

,+ (~ )( 5rt 1 )( ^ig ) 


(3.71) 


where a.a-a- = a 
1 2 i o 

This transfer function is of the form 


T(s) 


a l G 1 G 2 

i+a 1 & 2 p 


(3.72) 


1 


Here corresponds to first order inverting- LP transfer fun- 

a 2 

ction. G-^ represents amplifier of gain (g ) • If can be 
realised by a resistive divider. The circuit realisation is 
shown in Figure 3.15(h). Its transfer function 

b 2 I'* -(l-a)B t -| 

Y (l-'Y)(^aT“) [s+u +(a-p)B J 

T(b) = ~ = « 12 -t-tAts r- 1 — (3.73) 


v i 


a 2 T “V *j 

1 + ( sW l2 ) s +» 11 + (a-p)B~"j 


for u » w 


12 


where 


a 


R_ 


R_+R-u ' 
a b 


R 


P = 


R +R. 
c d 


and * = 


Comparing equations (3.70) and (3.73) the design equations are 
obtained as 
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( 1-y)( inxjB^Bg = a Q 


Solving for a, (3 and y we get 

B T B 2~ a o~ b 2~ ( ^12 
B 1 B 2 


.0) 

1 1 12 

(3.74) 

„W h 

12 1 2 D 1 

(3.75) 

= a 

0 

(3.76) 

CM 

V~ 

3 

rCT 

4* 

(3.77) 


B 1 B 2~“ a o~V° ) 12 +1:) i a) 12’ b 1 B 2 +3 2 +a) 11 +B 2 ai l2 

B 1 B 2 


(3.78) 


*h 4- a 3r ^ 01 h 

y _ 2 12 12 1 

a o +t, 2 + 


(3.79) 


Thus with a Q ,b^ and b 2 specified, a,p and y values can he 
obtained from equations (3-77) to (3.79). 

The third order inverting IP transfer function is 


Tppxts) =“3 2 

0 s^+b.s +b 0 s+b, 

12 3 


(3.80) 


This can be rewritten as 


T LP3^ 


a 1 { s )( ”2 2 > 

1 s s^+b 1 s+b 2 

a 0 -a™ br* 

1+(/)(— 2~ L )( ^ 

s.+b^s+b 2 -a 2 a^ 


(3.81) 


where a,a«a, 
1 2 5 
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The circuit realisation is shown in Figure 3.15(c). The 
transfer function of the circuit is 


T(s) 


V 0 . «(l-6)(l-Y)(l-a)B 1 B 2 B, 

?7 5 


( 3 . 82 ) 


where 


D = s 3 +[w il +w i2+Wi5+ (a-p)B 1 ]s 2 +[ w 11 ( u 12 +“ l3 )+“ 12 w i3 


+ (a-p)B^( o)^ 2 +w^ 3 )+y( 1 -oc)B.jB 2 ]s4-[u).j ^ a) ^2 w 13 
+ (a-p)B 1 a) |2 W 1 3 +Y ^ 1 “ a ) B i B 2 w i3 +,5 ( 1 ™Y)( 1 ~a)B 1 B 2 B 3 ] 


R 


a = 


a 


E a +E b 


0 _ -Is— y fa_ 6 - - R fi ■ 

’ * T V E d ’ Y " E e +E f ’ " E g +E h 


By comparing equations (3.80) and (3.82), the values of a,p,y 
and 6, in terms of a Q ,b^ ,h 2 ,h 3 and the 0A parameters, can he 
obtained . 

In general the nth order inverting IP transfer function 
can be written as 


-a. 


~ n, , n-1. n-2 


s+b . s '+b,s + ... + b 

1 2 n 


a 1 ^s 2 ^ T IP(n-1 )^ s ^ 


( 3 . 83 ) 
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where 

T lP(n-1 




* 

Hence the nth order inverting EPF can he obtained by cascading 

a 2 

an amplifier of gain (~) with the (n-1 )th order inverting 
EPF and ajjplying negative feedback across the combination. 


3.2.3 Sensitivity analysis 


For low pass filters, the sensitivity figures of interest 

m 

are i) transfer function sensitivity (S ) and ii) polynomial 

A 

sensitivity (S^). These sensitivities can be determined using 
the general sensitivity definition given by equation (3.33). 
Transfer function and polynomial sensitivities with respect to 
all passive and active parameters have been determined for the 
first to third order non-inverting and inverting IFF circuits. 
The sensitivity figures, for the three non- inverting IFF cir- 
cuits, provided by Anjali Joshi [14] are given in Table 3.6. 

The sensitivity figures for the first to third order inverting 
IFF circuits are given in Table 3.7. From Tables 3.6 and 3.7 
it is seen that the algebraic sum sensitivity with respect to 
all passive parameters, i.e., resistor values, is zero for 
first, second and third order non- inverting and inverting IFFs. 
Thus, for non-inverting EPFs 
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If the filters are fabricated with monolithic IC technology- 
then resistor ratios track and so passive ixhgabra.ic: sum sensi- 
tivities will be zero. Thus the transfer function and denomina- 
tor polynomial are unchanged due to changes in the passive 
elements. The algebraic sum sensitivities with respect to the 
OA gain-bandwidth products are not zero. These could be greater 
than one. Gain -band width product is highly sensitive to tem- 
perature and bias voltage variations. Hence, for satisfactory 
operation of these filters either temperature stabilised OAs 
(such as the National IM 324) must be used or external stabili- 
sation arrangements must be provided. Radhakrishna Rao and 



TABLE 3.6 


0 £ 


Transfer function and polynomial sensitivities 
for non- inverting LPF 


S.Fo 

. Parameter 
M 

S T 

X 


(a) 

First order 



T 

B i 

.. s 

B 1 

(s+aB 1 ) 

( s+aB | ) 

2 

H a 

* 

s.( 1-a) 

s ( 1 -a) 

(s+aB^) 

( s+aB ^ ) 

3 

*b 

T 


W 

Second order 



1 

B i 

S 2 

aB^ (s+§B 2 ) 

®2 

E 2 

2 

B 2 

s( s+aB^ ) 

D 2 

D 2 

3 

E a 

s 2 ( 1-a) 

D 2 

s 2 ( 1-a) 

' B 2 

4 


- S T 
\ 

- S® 

X 

5 


( 1-p)s(s+ocB 1 ) 

C 1 "P)s( s+aB 1 ) 

D 2 

D 2 

6 

E d 

- <! T 

E 0 

o 

1 


contd . . . 
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S»No. 

Parameter 

U) 

c.T 

s x 

£ 

(c) 

Third ord er 



1 

B i 

£ 

aB 1 (s 2 +pB 2 s+pyB 2 B 3 ) 

D 3 

■ D 3 

2 

B 2 

s 2 ( s+aB ^ ) 

B 3 

apB 1 B 2 (s+yB 3 ) 

D 3 

*X 

b 3 

s(s 2 +aB 1 s+apB^Bg) 

oc pyB 

J 

D 3 

D 3 

4 

E a 

D 3 

( 1 -a)s^ 

' D 3 

5 

V 

~ S H 

R a 

- 3 l 

6 

R c 

( 1-§)s 2 (s+aB 1 ) 

- ( 1-p)s 2 ( s+aB 1 ) 

D 3 

D 3 

7 

R a 

1 

o 

o 

1 

8 

(i 

ID - 

~Y)s(s 2 +aB 1 s+apB 1 B 2 ) 

( 1-p)s 2 ( s+aB 1 ) 

R e 

D 3 

D 3 

9 


T 

-x 

S R 

e 

Note 

* 

0 

" 2 " ' 

D 2 = s +aB 1 s+apB 1 B 2 



3 2 

= s'+aB.jS +apB 1 B 2 s+apyB 1 B 2 B^ 
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TABIE 3.7 


Transfer function and polynomial sensitivities 
for inverting LPF 


S.No. 

Parameter 

U) 

0} 

s 

X 


(a) 

First order 



1 

B i 

s 

D, 

(a~p )B 1 

D i 

2 

E a 

a[s+( 1-p)B 1 ] 

a( i-a)B 1 

D i 

D i 

3 


- S T 
\ 

- 

R a 

4 

E c 

D i 

,P(1-P)B 1 
" D 1 

5 

E d 

T 

S D 

S R 

c 

0>) 

Second order 



1 

B , 

s 2 

B 1 [(a-p)s+y(l-a)B 2 ] 

*2 

D 2 

2 

B 2 

s[s+(a-p)B 1 ] 

E 2 

Ytl-ajBjBj 

E 2 

3 

E a 

as[s+( 1 — p )B t 3 

a( 1-a)B 1 (s-yB 2 ) 

d 2 

B 2 


contd . . . 
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S.No. 

Parameter 

S T 

X 

S D 

X 

4 

R b 

- S T 
\ 


5 

R c 

P(1~P)B 1 S 

D 2 

B 2 

6 

R d 

- S T 

R c 

qD 

- s R 

c 

r*7 

R e " 

y[D 2 + ( 1 -Y ) ( 1 -a )B ,B 2 ] Y ( 1 -Y ) ( 1 ~a)B ^ 

7 

B 2 

D 2 

8 

R f 

- =I T 

SR e 

! 

wu 

(t> 

(c) 

Third order 



1 

B i 

s 3 

B 3 

B ^ [ ( a-(3 )s 2 +y ( 1 -ctjB^s + 
6(l-. Y )(l”a)B 2 B 3 ]/D 3 

O 

B 2 

a 2 [s+(a-p)B 1 ] 

B 1 B 2 [y( 1-a)s+6( 1~Y)(l*a)B 3 ] 

-c. 

D 3 

B 3 

3 

B 3 

SD 2 

6(l-Y)(l-a)B 1 B 2 B 3 

B 3 

D 3 

4 

as 2 [s+(l-p)Bj 

P 

a( l-a)B 1 [s 2 ~YB 2 S“6( 1 -y)B 2 B 3 J 

*T 

a 

B 3 

B 3 

5 

R b 

qT 

~ \ 
a 

' «£ 

R a 


contd 


• • * 
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S.Ho. Parameter 


s. 


T 




6 


R_ 


g(l-P)B 1 s 

^3 


pd-p^s* 


R 


d 


- S 


R_ 


<« 


8 


R 


y-s[s 2 +(a-p}BjS+.( l-aOB^] y( 1-y ) ( 1-a)B 1 B 2 ( s-SB^) 


e 


D r 


Dr 


R, 


- S 


T 

'R. 


- 4 . 


10 


11 

11 


R. 


6[%Kl -6 KHfHM )B t B 2 B 3 ] 


s 


D- 


g- 


Rt. 


s 


- s 


R 


e 


Rote 


: I> 1 = s+(a-£)B.j, D 2 = s 2 +(a-p)B 1 s+y( 1-a)B 1 B 2 


D 5 = s 3 +(a-.p)B 1 s 2 +y(l-a)B 1 B 2 +6(l-y)(l-a)B 1 B 2 B 5 
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Srinivasan [15] have proposed a simple arrangement to compensate 
for variations in gain "bandwidth product. 

3.2.4 Effect of OA second pole on LPF performance ; 

The effect of OA second pole on LPF performance can "be 
studied "by using the pole-zero model to analyse the LPF cir- 
cuits. The transfer function of the first order non-inverting 
LPF (Figure 3.12(a)), "based on pole-zero model is 


T(s) 



.j/ (w 



s + 



(o ® 1 ) 


(3.84) 


for w « and aS^ >> w 

From a comparison of equations (3.52) and (3.84) it is seen 
that the constant terms in the numerator and denominator are 
multiplied "by the same factors. Hence, due to OA second 
pole, there is no effect on low frequency gain. The cut-off 
frequency is, however, increased due to second pole. 

Hence, the phase response slightly deviates from the single 
pole model response, at high frequencies. If the effect of OA 
second pole is to "be eliminated then the design equations 
must "be obtained in terms of pole-zero model parameters. For 
example, the design equation for the non- inverting first order 
LPF, "based on pole-zero model, would "be 
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a 


“Vi*! 


<“21 +b 1 )B 1 


(3.85) 


Comparison of equations (3.53) and. (3.85) shows that, the 
a value required is reduced for same IFF specifications when 
the OA second pole frequency is incorporated in the design 
equations. 

3.2.5 Experimental results ; 


The design steps and the experimental results obtained by 
Anjali Joshi [14] for the third order non-inverting IFF circuit 
of Figure 3.12(c) are given here. The circuit was designed to 
obtain a third order Butterworth response with a cut-off 
frequency (jjjjr) of 10 KHz. Normalising all frequencies with 
respect to o> 0 , in equation (3.60), we get 


b b b, 

s n = > b 1n = ^ ’ b 2n "af b 3n = 3^ 


The normalised transfer function is 


T LP3 (s n ) “ 3 


b, b_ b^ 
In 2n 3n 


s n +b 1 n 3 n +b 1 n b 2n V b 1 n b 2n b 3n 


(3.86) 


The standard third order Butterworth transfer function is 


T(V 


H 


n 


3 2 

s +2s +2 b +1 
n n n 


(3.87) 
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Hence, comparison of equations (3.86) and (3.87) yields 

V = 2 - V = ! 3114 V = °- 5 


Therefore 


“S, = b i = b rn“o = 2 “o 


P b 2 = d 2 = b 2n% = » 0 


(3.88) 


Y B 3 = b 3 = b 3n co o = 0.5 « 0 


The circuit has been tested using National Semiconductor 
LM 324 quad OA, 1 percent metal film resistors and multiturn 
potentiometers. The measured parameters of three of the OAs 
in the chip are given in Table 3.8. 

TABLE 3.8 

Parameters of OA (IM 324) 






. m 




» « ’v.-t; .*»*■& Ki 

f3ffoS#| 

HMMi 

>4 & 


W* V'. v V. i 


THEORETICAL (1 POLE ) 

THEORETICAL (2 POLE ) 
EXPERIMENTAL 


Frequency (Hz 


THEORETICAL ( 1 POLE) 
THEORETICAL (2 POL E) 
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pole-zero model instead of the single pole model for the OAs. 
All the realised circuits have low sensitivities with respec 
to passive and active parameters. Further all the circuits 
have same or lesser component count as compared to reported 
circuits of similar performance. 
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CHAPTER IV 


SYNTHESIS OP ALL PASS FILTERS - SERIES 
REALISATION 

All pass filters (APE) are widely used as phase shifters, ' 
delay equalisers and delay networks. They are characterised 
hy a flat magnitude response and a frequency dependent ' i - 
phase response. A large number of active RC APEs of different 
orders have been reported in the literature. However, only 
few active R APE circuits have been reported. The first 
active R APE circn.it to be proposed was the first order 
APE circuit of Srinivasan [l]. Soliman [2], Soliman and Eawzy 
[3] and Kim and Ra [4] have proposed second order active R 
circuits in which APE response is obtained at the input of an 
OA. Hence, these circuits suffer from loading problems. 

Mitra and Aatre [5] have obtained second order all pass 
response by resistive summation of the input and output of a 
second order inverting BPE under particular conditions. How- 
ever, to date synthesis techniques and circuit realisations 
for higher order APEs have not been reported. 

In this chapter new synthesis techniques, to obtain 
active R APFs of any order both with real poles and zeros 
and with complex poles and zeros have been proposed. The 
techniques are general and hence can also be applied to 
synthesise active RC APF of any order. 
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4.1 Characteristics of all mss niter ; 


An all pass filter has two main characteristics. The 
magnitude response of an ideal APF is independent of frequency 
while the phase response is a definite function of frequency. 
Such characteristics arise because the zeros of an APF are 
mirror images of the poles around jw axis as is shown in 
Figure 4.1. Since the zeros are located in the right half 
plane while the poles are in the left half plane the AP trans- 
fer function is a non-minimum phase function. The poles and 
zeros can be either real or complex. Figure 4.2 shows the 
magnitude and phase response of a typical APF. 

The general nth order APF transfer function is 


T (s) a 
n v ' _n 


n ji-1 . ii-2 
S ^ S +8,2 S 


- ... + (-1 ) n a. 


n 


s“+a^ s ^+& 2 3 ^ + ... + (-1 ) n a n 


(4.1) 


If this transfer function is decomposed into a number of 
first or second order terms, then the circuit blocks 
corresponding to these low order terms can be identified 
and hence the circuit corresponding to the complete transfer 
function can be realised. 

4.2 Synthesis : 

4.2.1 APF s with real poles and zeros : 

The first order AP transfer function is 






tkmtM 


fg»' 
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T,(e) = 


s-a 

s+a 


(4.2) 


Equation (4.2) can be rewritten as 


T i (s > - 1 + sff- 


(4.3) 


The second term in equation (4.3) represents a first order 
inverting EP transfer function. Hence, the first order APF 
can be realised by summing the input and output of a first 
order inverting EPF with a dc gain of two. The simplest 
first order active R inverting EPF circuit is shown in 
Figure 4.3. The transfer function of this circuit, based on 
single pole model for the OA, is 


V -( 1-a)B. 

«■>-!?— a *:- 1 


(4.4) 


where 


R. 


a 


a 


V E t > 


and B 


a 




An ideal active R summer circuit is not known. Hence, the 
summation in equation (4.3) has to be carried out using 
resistors. Hence APF realisation is possible only with an 
attenuation constant. The active R circuit realisation for 
first order APF is shown in Figure 4.4(a). The transfer 
function of this circuit is R 

r7 b i 


1(b) = 


V, 


R. 

R 


1 


[1 + 


s+B 


•] 


a 


(4.5) 
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where R =11.11 R 0 | | R. 


R. 


a 


a 


?l a +E b 


and B ct =“ n +oB 1 


Here R^ and R 2 represent the summation resistors. R-^ is the 
load resistance. The circuit is realised with an attenuation 
constant of R/R^ . The APR circuit of Figure 4.4(a) is the 
same as the circuit proposed hy Srinivasan [ 1 ] . Comparison of 
equations (4.3) (with attenuation constant K included) and 
(4.5) leads to the following design equations. 


R jr _ a ” a> 11 _ 2a 

R 1 ' “ B 1 ’ R 2 “ 


(4.6) 


The design equations are in terms of resistor ratios. The load 
resistance R^ appears only in the attenuation constant. Hence, 
any change in circuit loading only changes the attenuation. The 
all pass response is unaltered. Under all pass condition 
equation (4.5) becomes 


d s~B 


(4.7) 


The second order APF transfer function, with real poles and 
zeros, is 


T < s > = K fs?aj{ 


s-b 

s+b 


(4.8) 


This transfer function can be split up as 


T(S) =E[1 + (aial(s;m 3 


(4.9) 



101 


The second, term in equation (4.9) is a first order inverting 
IiP function while the third term can be considered as the 
cascade of two first order inverting LP transfer functions. 
Using the circuit of Figure 4.3 as the basic block the second 


and third terms can be realised. The realised circuit, shown 
in Figure 4.4(b), has the transfer function 

j4-B, 0-<*Xl-p) ^B,B 2 

. . V n ft 4 j 


T(s) = 


Ci + 


■3 (4.10) 



B a= W 11 +aB 1’ B p= a) l2 + ^ B 2* 

Comparing equations (4.9) and (4.10) the following design 
equations are obtained. 



The third order APF transfer function, with real poles 
and zeros, is 


T 3 (s)= K 


s-a s-b ,3-c 
s+a ) ( s+b ) ( s+ c 


( 4 . 12 ) 
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This "transfer function can he decomposed as 


I 5 (s) 


= K 


1+ + jl^+g-)(a+h+c) -2el^c21a+c) ~ 

( s+a ) ( s+b ) ( s+a) (s+b) ( s+c) 


s+a 


(4.13) 


Here the second and third terms are similar to the second and 
third terms respectively, of equation (4.9). The fourth 
term represents a cascade of three first order inverting 13? 
functions. Thus the third order APF, with real poles and 
zeros, can be realised by cascading three first order inverting 
HPFs and su mm i n g the outputs of the three IPFs with the input. 
The circuit realisation is shown , in Figure 4.5. This circuit 
has the transfer function 


T( s ) 2. _ IL 

T(S) - V± “R 


' -S R 

- (, -“> iU B 1 U B,B 2 

H + (s+B a )(s+B„) 


s+B 


a 


P‘ 


R, 


~( 1“ a )( 1~P) ( 1 -Y ) g 1 B^B 2 B 3 ■] 
X S+ B a )( s+B ft ) ( s+B v ) 


r 


Y 


(4.14) 


where 


R R 

e = e 1 IIe 2 I|e 3 IU 4 IU l , a = ^, f = 5^7 . v 


c a 


E e 

V 1 ? ’ 


B a = B fs = "l 2 + ^ B 2 and B y =“l3 + l' B 3 


The design equations for the circuit, obtained by comparing 
equations (4.13) and (4.14) are 
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= K, a 


a-w 

~ 


u 

1 



b-m 


B, 


12 


Y 


C— to 



12 



h _ 2(a+tH-o) 
Ro ~ B. + w, , -a 


= 2Cb+c)(a+b4-c) 

r 3 


(4.15) 


= -rts 2c.(B+c) (a+c) 

R 4 (B^ + w^ ^ —a ) (B2 +w^ 2”b ) (B^+w ^ c ) 


Based on the first to third order APB realisations, the 
procedure for obtaining nth order APB, with real poles and 
zeros, can be stated as follows i (l) cascade n first order 
inverting LPBs and (2) resistively sum the outputs of all 
the n LPBs with the input. This procedure being general can 
be applied to realise nth order active RC APBswith real poles 
and zeros. Bigure 4.6 shows the circuit of fourth order 
active R APB with real poles and zeros. The nth order active 
R APB, with real poles and zeros, will have n OAs and (3n+2) 
resistors, if the first order inverting LPBs are realised by 
the circuit of Bigure 4.3. 

4.2.2 APBs with complex poles and zeros : 

Second order APB transfer function, with complex 
poles and zeros, is 

_ , x __ s^-as+b 
T( s) = K g" — 1 - 

s +as+b 


(4.16) 




pm 


4-6 FOURTH ORDER APF WITH REAL POLES AND ZEROS 


where K — attenuation constant and a 2 < 4b. 
Rewriting the transfer function 
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T(s) 


= K 


i + --( 2as+Ki ) g 1 

2 T p 

, s +as+b s +as+b . 


(4.17) 


Here the second and third terms represent inverting second 
order pseudo band pass and second order non-inverting low 
pass (for > o) functions respectively. The low pass fun- 
ction is realised by cascading two first order inverting IiPFs 


and applying negative feedback across the combination. Then, 
while the HP function is realised at the output of one OA, 
the pseudo band pass function is realised at the output of 
the other OA. The circuit realisation, shown in Figure 4.7(a) 
has the transfer function 

R' . ■ R ' ' 

v ~(1~°0 (s+B ) (l-a)O-p) tv^ B.Bp 

lo _ R_ r k 2 1 P , K 5 1 i 

V, ~ R. L 1 D + D J 

i 1 

(4.18) 


T( s) 


where 


R. 


a 


R - R 1 1 I R 2 I I R 3i I a - R & +R b 9 


R 

a _ 0 . 

P ~ R +R. ’ 
c d 


D = s 2 +(B a +B p )s + + y(l-p)B 1 B 2 


Y * R e +R f ’ Ba = W 11 +aB r B P “ w i2 +pB 2 
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Comparison of equations (4.17) and (4.18) yields the following 
design equations (with a assumed) s 


P = 


a - M 12~ B c. 

Bo 


T = 


h+B-aB 
a a 


R« 


2a 


B ^ (B2+w^ 2 + ® a "" a ) * ( 1 -a )B i * 


(4.19) 


h _ r 2afa-Ba) B_ = K 

" (1-a)B 1 (B 2 +u 12 +B a -a) B, 

Thus, with one parameter (a) assumed, all the other parameters 
can "be determined from the design equations of equation (4.19). 


The third order all pass transfer function with a pair 
of complex conjugate poles and zeros is 

Kb) = g I a= ai i 4 =£at£ i (4.20) 

( s+a) ( s^+bs+c) 

2 

where K < 1 and b < 4c 

Decomposition of this transfer function yields 


T(s) 


= K[1 + 


-2 ( a+b ) 
s+a 


+ 


2b(a+b)s+2bc j 
( s^+bs+c)(s+a) 


(4.21 ) 


Here, the second term is a first order inverting EPF transfer 
function. The third term is a one by three order non-inverting 
function. The transfer function of equation (4.21) can be 
realised by the ■ circuit of Figure 4.7(b). The transfer 
function for this circuit is 




where 

R = S, | | Rjl | Rjl | R 4 | | R l 
B = s 2 +(Bp+B Y )afBpB Y +6(l- T )B 2 B 3 

“ = V%’ p = V®? Y = ' 6 = ’ 


“ W 11 +Q ®1 f ~ a> l2 + ^®2 > = W l3 + ^3 

Comparing equations (4.21) and (4.22), the design equations, 
with 0 assumed, are : 



A fourth order APF with a pair of complex poles and zeros 
can he obtained if the circuit of Figure 4.6 is modified by 
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adding a resistive potential divider either from mode 3 to the 
non-inverting input of A^ or from node 5 to the non— inverting 
input of A^. In a similar manner, APPs of any order, with a 
pair of complex conjugate poles and zeros, can be realised# 

The nth order APP with a pair of complex conjugate poles 
and zeros will have n OAs and (3n+4) resistors. 

4.2.3 Alternate APP realisations : 


The second order AP transfer function, with a pair of 
complex conjugate poles and zeros can also be realised by 
the resistive summation of the input of a second order inver- 
ting BPP with a respnant gain of two. Por the general inver- 


ting BP function, such a. summation leads to 

w, 

- K. 


T(s) = K 


k 1 


7 ? G_s 
Q o 


1 + 


s 2 ♦ (^)s + * 2 


(4.24) 


This becomes 


T(s) = K 


s 


u n 

- (-Q> S + » 

f (^)S + 0) 


2 

o 

2 

o 


(4.25) 


if Z# = §- 
1 & o 

where K and represent the resistance ratios introduced 
by the resistive summation. 
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Such an APF can be realised from the inverting BPF circuit 
of Figure 3.3. The resulting APP circuit shown in Figure 4.8 
has the transfer function 


T(s) - 


— ( 1 ~Y ) B'iS 


(4.26) 


for w >> 

where 

R = r 1 ||r 2 I|r l 

B - A_ B _!=_ v R e 

- V«b ’ ^ V R d ’ Y = V s * 

and 

D = s 2 +[ £0 1 1 + u i2 +(y-P)B 1 ]s+« 1 1 « 12 +(y-P)B 1 w 12 


+ a(l-p)B 1 B 2 

By comparing equations (4.17) (with =0) and (4.26) the 
design equations can be obtained for this circuit. This cir~ 
cuit uses only two OAs and nine resistors as compared to two 
OAs and ten resistors used in the circuit of Figure 4.7(b). 

Second order APFs with complex poles and zeros can also 
be obtained from the inverting BPF circuits of Mitra 
and Aatre [5], Sod er strand [6], Ho and Chiu [7] and Schaumann 
and Brand [8], by adding two summation resistors and a load 
resistor, in a similar manner. This possibility of realising 
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an AP response by modifying an inverting BPF circuit has 
been first indicated by Mitra and Aatre [5]. 

The biquad circuit of Kim and Ra [4] realises second 
order AP response at the input terminal of an OA. This cir- 
cuit, shown in Figure 4.9 realises AP response at node 4« 
Variations in load resistance affect the all pass conditions 
in this circuit. Hence, for every change in load resistance, 
other parameters in the circuit must be adjusted to maintain 
all pass conditions. Soliman [2] has proposed a three OA, 
nine resistor circuit which realises AP response at the input 
of an OA. This circuit is shown in Figure 4.10(a). Soliman 
and Fawzy [3] have proposed a modification of this circuit in 
which AP response is obtained using only two OAs and nine 
resistors. In Soliman and Fawsy's circuit, shown in Figure 
4.10(b), AP response is obtained at node 2,i.e.at the input 
of an OA. 

4.3 Sensitivity analysis : 

For an all pass filter the two main characteristics of 
interest are its magnitude and phase responses. Hence sensi- 
tivities of magnitude ( G) and phase (9) with respect to all 
passive and active parameters are important in evaluating the 
circuit performance. Magnitude and phase sensitivities, with 
respect to any parameter, for an APF, are defined as 






R 8 

Re 

r— CZ3 1 

►— 4 "V 

A 









and S 1 = ^ • X >A11 pass 


(4.27) 


iGr __ /3_G X\ 

'x ~ '3x * Or All pass 


Magnitude and phase sensitivities must first "be evaluated 
starting with expressions for G- and 9 without application of 
all pass conditions. Then appropriate all pass conditions 
must he imposed on these sensitivity figures to arrive at the 
APF magnitude and phase sensitivities. Magnitude and phase 
sensitivities with respect to all passive and active parameters 
have been calculated for (i) first to third order API's with 
real poles and zeros (Figures 4.4 (a), 4 . 4 (b) and 4.5) and 
(ii) second order APP with complex poles and zeros (Figure 
4.7(a)). The sensitivity figures are given in Table 4.1. From 
these sensitivity figures the following features are noted. 


(a) The magnitude and phase sensitivities with respect to all 
parameters, except R.^, are frequency dependent for all the 
APFs. 


(b) The magnitude and phase algebraic sum sensitivites with 
respect to the summation resistors R^ to R n+ ^ (where n 
represents the order of the filter) and R^ are each zero. For 
third order APF, 


3 


l 

n=0 




. 3 

= l 

n=0 


s <p 

■R 


’n+1 


4 , 



(4.28) 


(c) Magnitude and phase algebraic sum sensitivities with 
respect to the resistors R gt R b ,R c ,etc. are each equal to zero. 
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TAB IE 4.1 



Magnitude 

and phase 

sensitivities of APFs 
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4 
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First order 




2aB a( B l + W l 1 ) 
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a 
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E 2B a 
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2 B a 
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Ej 


R X ■ 

E 

R I 


0 

“ll 
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»2 
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2 B 6 (B a+ B e )(B ami2 - M 2 ) 2wB fl 

(B a +B B )(B a +w l2 ) 
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Note : 

D 2 = (B Q B p‘” a)2)2 + R = R 1 

1 1 Hgl | H3I | S L 

(c) Third order (real poles and zeros) 
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2aB[(B,+ co n )(B 0 B Y - co 2 )- <o 2 (B s +B Y )] 
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Varia- 
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“b 
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t>le 

s * 

X 

s? 

X 

(d) 

Second order (complex poles 

and zeros) 
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Varia- 
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For third order APF 


f 

I 


S 


l 


v° 


(4.29) 


1=8 1=8 

Thus, from equations (4.28) and (4.29) it is seen that the 
magnitude and phase algebraic sum sensitivities with respect 
to all passive parameters are zero. 


(d) The algebraic sum sensitivity of magnitude with respect 
to all active parameters, i.e., OA first pole frequency and 
OA gain-bandwidth product is zero for each APF. But the 
algebraic sum sensitivity of phase with respect to all active 
parameters is not zero. 

Variations of magnitude and phase sensitivities with 
frequency have been calculated on the basis of parameters 
indicated in Table 4.3 for first and second order APFs with 
real poles and zeros and second order APF with complex poles 
and zeros. These are shown in Figures 4,11 to 4 - 1 6 . The 
figures are drawn for various dependent variables, viz., x 
values and these are indicated in the figures themselves. 

4.4 Effect ofOA second pole on APF performance ; 

The effect of OA second pole on APF performance can be 
considered by analysing the APF circuit with two pole model 
for the OAs. The transfer function of the first order APF 
(Figure 4.4(a)), under all pass condition is 
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R(s) T(s) = 


R s ""“i i" 0 ® j 
R 1 s+w^+aB 


(4.30) 


If the circuit is analysed, based on two pole model, the 
transfer function becomes 


T(s) 


s_ f!J±lrV^ii B a 


2 pole R 1 Ls 2 4 -(w 2l +w l i ) s +u 21 B ( 


(4.31) 


under single pole model all pass condition. Prom equation 
(4.33") APF magnitude can be written as 


' 2 P° le v i 2 pole = E , 


(l .!n)2 W 2 + (B + ) 2 

-°21 “21 


( H hi) 2 A (B a - £- )* 


'“ 2 + (B a + »“ )2 

2 / to£ .2 

L ^ +(b “-^ 


(4.32) 


since ^ << 


Prom equation (4.32) it is seen that the magnitude of the 
first order APP transfer function becomes frequency dependent, 
due to the effect of OA second pole. The numerator of the 
magnitude expression increases with* frequency at a faster 
rate than the denominator. Hence, there is a net increase of 
magnitude as frequency increases. Consequently the magnitude 
response deviates more and more fjfom true all pass response, 
as the frequency increases. 
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The expression for phase, in terms of two pole model, 
can be written from equation (4.31 ) as 

»2 pole “ - tan '’ — — 5“ - taa '’ —■ * ( + -33) 

B + ~ B - — 

® w 2 ^ a u>2^ 

since << <*> 21 

The phase angle, based on single pole model, is 

pole = ST" < 4 -3^) 

Comparison of corresponding terms in equations (4.33) and 
(4.34) shows that the two terms in equation (4.33) contribute 
to decrease and increase of phase respectively » with increase of 
frequency. Hence, there is near cancellation of second pole 
effect on phase response at low frequencies. At high frequen- 
cies the second term in equation (4.33) predominates and there 
is a net increase of phase as compared to single pole model. 
Phase given by equation (4.34). 

The effects of OA second pole on APF performance can be 
overcome by obtaining the design equations in terms of two 
pole or pole-zero model for OAs, instead of single pole model. 
For the circuit of Figure 4.8 the transfer f motion, based on 
pole-zero model is 
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T(s) 



r * ( w) ^B,“ 2 r 2 2 s i 

H _2 


. (4.35) 


where 

D = [w 21 u) 22 ^(y-p)B 1 a) 22 +a(l-p)B 1 B 2 ]s 2 +0 21 a> 22 { 1 +o» 1 2 
+ (Y-P)B t ) -(Y-P)B 1 w 12 a) 22 -a(l-p)B 1 B 2 (oi 21 +u) 22 )] s 

"t ^2 ^ w 22^- w 1 1 w 1 2 + ^ P )B i 2 +a ( l”"P)B'jB2^ 


and a,p,Y and R are as defined in equation (4.26). 

Comparing equations (4.l7)(with = 0) and (4.35) the design 

equations, "based on pole~zero model for the OAs, are : 


(1-Y) 


2[a a) 2^ a) 22 + ^ w 21 


~ ai 22 +h) 22 fa) 11 + ti) 22 a) 12 )] 


(4.36) 



With y assumed, R 1 /R 2 and p can he determined from equations 
(4.36) and (4.37) respectively. Then a can be obtained from 
equation (4.38). 
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4.5 Experimental results • 

The first to fourth order APFs with real poles and 
zeros (Figures 4.4 to 4.6), the third order APE with a pair 
of complex conjugate poles and zeros (Figure 4.7(b)) and the 
second order circuit of Figure 4.8 have been tested. The 
circuits of Figures 4.4 to 4.6 and 4.7(b)) were built using 
National Semiconductor, IM 324 quad OA, 0.1 percent metal 
film resistors and miniature multiturn potentiometers. The 
relevant measured parameters of the four OAs in the IM 324 
chip used are given in Table 4.2. 

TABLE 4.2 

Parameters of IM 324 OA 


Parameter 

OA 1 

OA 2 

OA 3 

0A 4 

co 1i /2n (Hz) 

7.0 

3.5 

6.0 

6.0 

W 2i^ 2lt ^ MHz ) 

1 .60 

1.75 

1.50 

1.70 

B t /2rc (KHz) 

728 

746 

738 

742 

V cc (Volts) 

+ 12 

+ 12 

t 12 

+ 12 


Temp (°C) 


27 
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The circuit of Figure 4.8 was built using two he 536 OAs 
whose parameters are given in Table 3.2 (Chapter III). The 
resistor values for the six circuits are given in Table 4.3. 

The all pass responses (magnitude and phase) of the six 
APF circuits are shown in Figures 4.17 to 4.22. The magnitude 
response plots clearly show the deviation in response, due to 
OA second pole, at high frequencies. The magnitude response 
is flat within 0.5 dB upto 133 KHz for first order, upto 
79.4 KHz for second order, upto 60 KHz for third order and 
upto 56 KHz for fourth order APFs with real poles and zeros. 
Magnitude response is flat withnin 0.5 dB upto 60 KHz for 
the third order APF with complex poles and zeros and upto 
500 KHz for the second order circuit of Figure 4.8. It is 
seen from Figure 4.22(a) that when the APF is designed, based 
on pole-zero model, the magnitude response remains flat over 
a very wide frequency range. 

Figures 4.17(a) to 4.22(a) show that the phase response 
is practically unaffected by OA second pole effects except at 
very high frequencies. Higher the order of the APF, larger 
is the range of phase variation with frequency, i.e«, for a 
given change in frequency the phase variation is much larger 
for higher order APFs as compared to lower order APFs. 

4 .6 Conclusions : 

In this chapter a new technique for synthesising active 
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TABLE 4.3 

Resistor values for APP circuits 


S.No. APP circuit 

and Pigure No. 


Resistor values (in Rilo ohms) 


First order 
(Pig. 4.4(a)) 


R a =R t =3.0, R j = 12, R 2 = 6, 


R l =4.7 


Second order R 

(real poles and p 

zeros) [Fig. 4. 4(b)] ^3 


R b = R d = 3.0, R c = R 1 = 1.0, 
0 . 99 , R T = 4.7 ,R ? =0-33 


Third order 
(real poles and 
zeros )[ Pig. 4. 5] 


= R b = 3.0, R c = R e 
= 4.0, R f = 9.0, R 2 
= 0.83, R 4 = 10, R l 


R 1 = 1.0, 

0.31, 

4.7 


Fourth order 
(real poles and 
zeros )[Fig.4.6 ] 


~ R b " R d - *c ” R g 
= 1.0, R f = 1.5, R h » 27, R, = 5.0, 

=1.1, R x =1.2, R a =1 .8,Rc = 60, 


Third order 
(complex poles and 
zeros) [Pig. 4. 7(b)] 


= R b = R f = 6.0, R c = R, = 1.0, 

= 3.0, R e = 1.5, Rg = 0.2, \ = 1.8, 
= 0.26, R^ = 0.44, R 4 = 5.7, 

= 4.7 


Second order 
(complex poles 
and zeros]) 
[Pig. 4,8] 


R & = R d = R f =1.0, R c =4.9, R e - 5.7, 


R. = 0.15, Ro = 3.0, R l = 4.7 ; R b - 17 
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R APF oi any order, "both with real poles and zeros and with 
complex poles and zeros has "been proposed. The first order 
circuit obtained by this technique is the same as the circuit 
of Srinivasan [l]. The second and higher order API's synthesised 
are no w circuits. The realised second order APPs have same or 
looser resistor count as compared to reported second order APP 
circuits. Since resistive summation is used to achieve all 
pass response, realisations are possible only with an attenua- 
tion constant. JDue to the effect of OA second pole, the 
magnitude response for the APP tends to increase with, frequency 
while the phase response is practically unaffected upto fairly 
high frequencies. A second order APP has been designed on the 
basis of pole-zero model and tested. Experimental results for 
this circuit show the constancy of magnitude response over a 
very wide frequency range. The proposed synthesis technique 
being general can also realise active RC APP of any order, 
both with real poles and zeros and with complex poles and 
zeros . 
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CHAPTER V 


SYNTHESIS OF ALL PASS FILTERS PARALLEL 
REALISATION 

The series realisation technique, proposed in Chapter IV, 
has the drawback that for higher order filters, the signal 
handling capacity is very much reduced due to cascading of 
lower order LPF sections. This problem can be overcome by the 
alternate technique, proposed in this chapter. Here, the 
transfer function (with no multiple poles) is expanded in 
terms of partial fractions. The resulting low order sections 
are resistively summed to realise the transfer function. The 
realised circuits have the same OA and resistor count as the 
corresponding series realisation circuits. The effect of OA 
second pole on these circuits is identical to that for series 
realisation circuits. 

5.i jl 

In this section, synthesis techniques for all pass filters 
of any order with real poles and zeros and with complex poles 
and zeros are proposed. The technique involves partial fraction 
expansion of the given transfer function into a number of first 
or second order terms. These individual terms are identi- 
fied in terms of the transfer functions of known first and 
second order active R building blocks. Resistive summation of 
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these blocks enables realisation of the complete transfer 

function. The technique is valid for transfer functions with 

no multiple poles. 

3*1*1 AP.ffs,. with real polos and zeros s 

Tho general nth order all pass transfer function with 

distinct real poles and zeros is 


(s-a 1 )(s-a 2 ) ... (s-»a )(s-a) 

I(s) = ri ^ T l^a 2 ) ... - ; ' a+a”_ 1 )(a+a^) 

Let 


(5.1) 


& n ^ ^ ^ a n lor n — 2 ^ 39 . .*? n 


Equation (5.1) can be expanded in terms of 

partial fractions. 


T(s) 


K. 


I, 


1 + 


s+a, 


s+a. 


K n 1 

S'4-a n J 


(5.2) 


where ,K 2 , 
The residue K 


. K^, represent the residues of the poles. 

_ is obtained as 
r 


Ky » T(s)(s+a r ) 


s=-a. 


2(-1 ) n a r (a 1 +a r )(a 2 +a r ) ... ( a n + a r ) 

( a 1 ~a r ) ( a 2 -a r ) - • * ( a n “' a r ) 


(5.3) 

(5.4) 


where the term ( a r +a r ) numerator is written as 2a r and 

(a -a ) is absent in denominator. For the assumption under 
r r 
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equation (5*1) the sign of is negative for odd r values 
and positive for even r values. The transfer function of 
equation (5*2) represents the summation of n first order T<P 
functions with their common input. The first order APF cir 
cult obtainable by this technique is identical to the first 
order APF obtained by series realisation technique (Figure 
4.4(a) ) . 

The second order all pass transfer function with real 

poles and zeros is given by 


«(») -* tesitebl (5 - 5) 

where K = attenuation constant. 

For a * b, the transfer function can be expanded, in terms 

of partial fractions, as 


*<•> + T^bTT& T 


2b ( a+b ) 
(a-b)(s+b) 


] 


(5.6) 


The second and third terms represent inverting and non- 


inverting first order IP transfer functions respectively . The 
inverting LPF can be realised by the circuit of Figure 4.3» 

whose transfer function is 


T( s) 
where 

a 


*( 1 -cx)B 


s+B 


a 


R 




R a +B b 


and 


B » to. , + aB 
a 11 1 


(5.7) 



The non- inverting first order IFF can be realised by the 
circuit shown in Figure 5.1. Its transfer function 
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T(s) 


(5.8) 


where 


V*b ’ 


+ 0© 


Resistive summation of the outputs of these two LPFs with 
their common Input gives rise to the second order APF with 
real poles and zeros. The complete circuit is shown in 
Figure 5-2* The transfer function of this circuit is 

R i R i 

-( 1-a) —1 B — B 


T(s) 


Cl + 


Ro 1 R-a 

. rr + r* 


(5.9) 


where 


R * R t J j R 2 ) I H 5 | I R l , a = , P - R c +R d 


B a = « n + «B 1 and B p = « 12 + pB 2 


The design equations for this circuit, obtained by comparing 
equations (5.6) and (5.9) are : 





WpZ&y 




V. 
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The third order all pass transfer function, with real poles 
and zeros, is given by 


T(S) ■ K feafcSlfcj 

For a > b > c the transfer function becomes 

T(s) = K {l + 7 r ^ 7 b )^ w C ) + 2b(,^+b)(b+c) 

1 (a~b) (a-c J(s+a) (a-b) (b-c) ( s+b) 


(5.11) 


. ~ 2 c(a+c) (b+c) 
(a-c) (b-c ) ( s+c) 


(5.12) 


The second and fourth terms represent first order inverting 
LP functions. The third represents a first order non- 
inverting Id? function. Using the inverting and non- inverting 
ItPFs of Figures 4.5 and 5.1 respectively, the third order 
APF circuit is realised, as shown in Figure 5.3. This circuit 
has the transfer function 

a. R. H. 

rr t — ( 1— OS) ^ B. 5” B 2 at B 3 1 

I(a) = io = !_r, + — 


‘1 


s+B 


a 


where 


+ ^ + 


R a . Jk 


s+B 


(5.13) 


R = a^ 1 | R 2 i | R^I | H 4 I I ftp* a = R a +E^ * P R c +R d * 


R 0 

Y * 17 % ’ 


B a * w^+aBj, = w l2 +pB 2 , B y =a» l 3 +YB 5 
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Comparison of equations (5.12) and (5.13) yields the following 

design equations 



In a similar manner, fourth and higher order all pass 
filters, with real poles and zeros can he obtained by the 
parallel realisation technique. The fourth order circuit 
is shown in Figure 5,4. In general, the nth order APF, with 
real poles and zeros, can be realised by the resistive 
summation of the outputs of n first order LPFs with their 
common input. If n is odd then there will be inverting 
and non- inverting LPF blocks. If n is even then there 

will be equal number of inverting and non-inverting LPFs in 
the circuit. The circuits realised by the parallel realisa- 
tion technique have the same number of OAs and resistors as 
the corresponding circuits obtained by series realisation 
technique. Thus ,the nth order APF, with real poles and 
zeros, will have n OAs and (3n+2) resistors. 




■•■■■'Vi.' £fj 


! ^ • *• - 

pr-v., 

Wjjjjl 
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5*^*2 APiP.3 with complex poles and zeros ; 

All pass filters, with complex poles and zeros, c an also 
be realised by the parallel realisation technique. The third 
order AP transfer function, with a pair of complex poles and 
zeros, is given by 

2 

T(s) g K k r - a.) . (s ~bs+c) ( 5 . 15 

(s+a)(s*>bs+c) 

with K < 1 and b 2 < 4c. 

This transfer function can be expressed, in terms of partial 

fractions, as 


T(s) * K 


4 . -2a M 2b Ps + 4abc 
N(s+a) N(s 2 +bs+c) - 


( 5 . 16 ) 


where M a a(a+b)+c, N = a(a-b)+c, P = a ( a+b ) -c 

The second term in equation (5.16) represents a first order 
inverting IP function, while the third term represents a 
second order non- inverting pseudo BP function for 
-a 2 < (ab-c) < a 2 . The corresponding circuit realisation is 
shown in Figure 5.5. The transfer function of this circuit is 


R. 


T(s) 


' ' 

mm 


It 


i + 


-( 1 - 0 !) £»1 

m m JtSL m 


S+B 


a 


B^(s+Bp) i 


(5.17) 
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where 


R 


R 


R * R tl ^ R 2* ' V' R P a = R a +R b * P = rI+^7" ’ Y = 


R 


R +R~ * 
e i 


R e 

6 = V\ ’ B “ = “n + °®t’ B P = V^V \ = “,3 + Y B 3 

and 

D si s 2 +(Bp+B Y )s+BpB Y +6(l~Y)B 2 B 3 . 

The design equations for this circuit, obtained by comparing 

equations (5.16) and (5.17) >are : 


M 


<X as 


B, 




P 


2ac~w P P(b-o> 1 ,)-2ac -r. 

— aa 1 » . v « a 

PB 0 * Y PB, * R 


K 


1 


- 2aM 

R 2 N(b^+u>^ 1 -a) 


R 1 2bP 

R 5 “ NBj 


(5.18) 


Higher order APFs, with complex poles and zeros can be obtained, 
by the parallel realisation technique, in a similar way. 


5.2 Mm& iM iiix em2Mi§-± 

Magnitude and phase sensitivities, with respect to all 
passive and active parameters have been calculated for the 
second order APR circuit of Figure 5.2. These are given in 
Table 5.1. Prom the sensitivity figures it can be noted that 
the algebraic sum sensitivity with respect to all passive 
parameters is zero. The algebraic sum sensitivity of APP mag 
nitude, with respect to all active parameters is also zero.. 
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where 


R = Rjj | R 2 1 1 R^l I Rp a « 


R 


R. 


V a b 


’ p = w 

c d 


R 

' Y ~ R>R^ ’ 
e i 


R 

6 = V®h ’ Ba = “'1 +<XB '’ B P = “l2 +{1B 2’ B y = 

and 

D = s 2 +(B p +B Y )s+B p B Y +6(l-y)B 2 B 3 . 


The design equations for this circuit, obtained by comparing 
equations ( 5 - 1 6 ) and (5.l7)»are : 


a 


... U R 

B 1 ’ ^ 


2ac~w 12 P 

¥bZ ’ Y 


P(b~ o> l3 ).2ao ^ 


PB, 


R 


1 


_ 2aM _ 2bP 

R 2 N { B ^ ^ -a ) * R^ RB^ 


(5.18) 


Higher order APPs, with complex poles and zeros can be obtained, 
by the parallel realisation technique, in a similar way. 


5.2 Sensitivity analysis : 


Magnitude and phase sensitivities, with respect to all 
passive and active parameters have been calculated for the 
second order APP circuit of figure 5.2. These are given in 
Table 5.1. Prom the sensitivity figures it can be noted that 
the algebraic sum sensitivity with respect to all passive 
parameters is zero. The algebraic sum sensitivity of APP mag- 
nitude, with respect to all active parameters is also zero.. 
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But the algebraic sum sensitivity of APF phase with respect 
to all active parameters is not zero. 

Variations of magnitude and phase sensitivities, with 
frequency , have been calculated on the basis of parameters 
indicated in Section 5.4T for the second order APF with real 
poles and zeros (Figure 5.2). These are shown in Figures 
5.6 and 5.7 respectively. The figures are drawn for various 
dependent variables, viz., x and these are indicated in the 
figures themselves. Comparison of Figures 5.6 and 4.13 an d 
Figures 5.7 and 4.14- shows that for same pole locations, the 
sensitivities for the parallel realisation circuit are 
higher than those for the series realisation circuit. From 
Figure 5.6 it is seen that the sensitivities with respect to 
the summation resistors R 2 and Rj are quite large at low 

TABLE 5.1 

Magnitude and phase sensitivities - second order 
APF (real poles and zeros) 


Varia- „G g 9 

ble °x 




2dB a M[ BQ~M 2 )N+2B B o ) 2 3 


D 


R x 


S' 


a ■ 


2«M<*B a CB 8 (B 6 +2B 1 +2« 1 1 )-*> 2 ] 

H E— ■ 


S R_ 


a 


contd 
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frequencies. At high frequencies these values reduce rapidly. 


These high sensitivity values will not pose any problem if the 

. -R. j 

1 — L 


ratios 


R, 


t> , etc. are maintained constant. This is 
3 


possible in monolithic IC technology where resistor ratios 

track. 


5.3 Effect of OA second pole on APF performance ; 

The second order AP transfer function, with real poles 

and zeros, is 


T( s) 


1 l 


( s ”B a ) ( s ”Bg ) 

r s+ B'T(s + B'p- 


] 


(5.19) 


for the circuit of Figure 5.2. The transfer function, in 
terms of two pole model is, 


T(s), 


_ R_ 

rs 2 +(o> 21 -“i 1 ) 3 "“21 B (X 1 


~ s +(« 22 -“ 12 )s- m 22 b s1 

pole R 1 

U 2 +(» 21 +“ 11 )s+10 2t B a - 


L 3 2 +(a, 22+mi2 )s-K0 22 B p J 


( 5 . 20 ) 


From equation (5.20) the APF magnitude is 


G 


2 pole 


K jw) 


R 


r 2 
co 


2 pole “ R,j 


+( v it ) 


2 O T 2 / -r, co 


21 


co 2 +(B 


(Y 0) ' 

a 21 


0) 


+ ( v H 

L co 2 +(B - ~ ) 2 
P 22 

(5.21) 


1 

IF 


since << w 2i # 
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From equation (5.21 ) it can be seen that the ABF magni- 
tude becomes frequency dependent, due to the effect of OA 
second pole. The numerator increases at a faster rate with 
frequency as compared to the denominator. Hence, there is a 
net increase of magnitude with frequency. This effect is 
identical to that observed in APFs realised by the series 
realisation technique. The expression for phase, in terms of 
two pole model, is 


^2 pole 


-tan 


-1 


to 


-1 « 


B + 
a w 


■vr — -tan ~ 1 — - — r - tan 
T, . “L 

21 P U 2 1 


-1 to 


B 


u‘ 


a a> 


21 


-tan 


•1 « 


w 


B n - 

P “ 2 , 


(5.22) 


since <<W 2i* 

The phase, in terms of single pole model, is 


-1 m 


*1 polo = - 2 tan B 


2 tan 


-1 __w 


a 


B 


P 


(5.23) 


The first two terms in equation (5.22) contribute to decrease 
of phase with frequency, over the single pole model phase, 
given by equation (5.23). The last two terms contribute to 
an increase of phase with frequency. Consequently, there is 
near cancellation of the two effects and the phase is practically; 
unaffected by the effect of OA second pole. At high frequencies 
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there is a slight increase of phase since the third and fourth 
terms in equation (5.22) predominate over the first two terms 

at these frequencies. 

5*4 Q.QjtPff-Pison of series and parallel realisation techniques : 

Series and parallel realisation techniques are general and 
hence both can realise active B and active EC API’s of any order. 
The active E APPs, with real poles and zeros obtained by the 
two techniques have same component count for corresponding 
order. In series realisation, basic circuit blocks are 
cascaded and then resistively summed to obtain higher order 
APPs. Hence, the signal handling capacity of higher order 
APPs, obtained by series realisation technique, is low due to 
slew rate limitations. In parallel realisation, there is no 
cascading and the same signal gets applied to the inputs of 
all the individual sections. Hence, the signal handling 
capacity is much larger for higher order circuits obtained by 
parallel realisation technique. The effect of OA second pole 
on APP magnitude and phase response is identical for both 
series and parallel realisation circuits. Comparison of 
sensitivity figures shows that for the same pole locations, 
the second order APP with real poles and zeros, obtained by 
parallel realisation technique has higher sensitivities 
compared to the corresponding circuit obtained by series 
realisation technique. 
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5.5 Experimental results ; 

The second order APE circuit of Figure 5.2 was built 
using two of the OAs (0A1 and 0A2) in a EM 324 quad OA. The 
relevant parameters of the two OAs are given in Table 4.2 
(Chapter IV) . The resistance values in the circuit were : 

R a = R b = R d = 3 *° Kft * E c = 1.0 Kfl , R =1.5 Kfl, 

Rg =0.24 Kfi , R^ = 0.97 and R^ = 4.7 EP . The magnitude 

and phase response of the APE are shown in Eigure 5.8. Prom 
the plots the effect of OA second pole on magnitude response 
is seen. The magnitude response is flat within 0.5 dB upto 

100 KHz. Prom Figure 5.8 it is seen that the phase response 

is practically unaffected by the OA second pole effects. 

5.6 Conclusions : 

In this chapter an alternate synthesis technique for 
realising APE of any order has been proposed. This technique, 
termed parallel realisation, can realise APEs with real poles 
and zeros and with complex poles and zeros. Circuits realised 
by this technique can handle larger signals without slew rate 
limitations as compared to circuits obtained by the series 
realisation technique. Experimental results for the second 
order APE, with real poles and zeros, have been obtained. 

These show the marked effect of OA second pole on magnitude 


response. 
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6.1*1 Synthesis % 

The first order HP transfer function, with unity high 

frequency gain is 


T(s) 


s 

s+a 


This can he rewritten as 


T(s) = 1 + 


-a 

s+a 


( 6 . 1 ) 


( 6 . 2 ) 


Thus summation of the input and output of a first order, 
unity dc gain, inverting IPF a first order HP response can 
be obtained, Since ideal active R summers have not been realised 
in practice, only resistive summation is possible. Hence, 
realisations are possible only with an attenuation constant. 

The transfer function of equation (6.2) with an attenuation 
constant included, can be realised by the circuit of Figure 
6.1. The transfer function of this circuit is 

T < s > = vr=i7 [l +— STS“ J (6 ’ 3) 

where 

R = R^l | R 2 I I R l , a = H a+ R b * B a = W 1 1 +aB 1 

It may be noted that the circuit configuration of Figure 6.1 
is identical to that of first order APF given by Figure 4.4(a). 
However, the design equations, to realise HP response are 



D 



i i f > < 1 HROI ORDER HPF CIRCUIT 



FIG. 6-2 SECOND ORDER HPF / NF CIRCUIT 
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different from those for the APF, Comparison of equation 
(6*2) (with attenuation constant K included) with equation 
( 6 * d ) yields the following design equations. 


a 


a~w 

B* 


n 

i 


L 

R. 


K and 



R-2 


(6.4) 


The second order HP transfer function, with an attenuation 

constant K, is 

T(s) = K (6.5) 

s +as+b 

This transfer function can he rewritten as 


T(s) = K [l + - ~la3+ b ) ] (6.6) 

s^+as+b 

The second term in equation (6.6) represents a second order 
inverting pseudo BP function. This transfer function can he 
realised by the circuit of Figure 6.2. This circuit has the 

transfer function 


f f(s) 


V 

q 

V. 

l 


H 

R. 


[1 


R R 

•(1-a) U B^s+B ) B,B 2 

+ 4 + fr- 2 ] 


D 


(6.7) 


where 

R a 

R = R . | | H^l j | Up* a " r +r » 

*■■■** On 


R 


P = 


R +R . * 
c d 


R e 

Y = R e +R f ' 


B a = w H +aB r B f3 = “l2 +PB 2 
D = s 2 +(B a +B p )s + + y (1~P)B 1 B 2 
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Comparison of equations (6.6) and (6.7), with a assumed , 
yields the following design equations 


o „ v 

p “ B„ » Y = “ 


R 


(B2+B a +(o^ 2~a)B^ * R^ 


K 


&2 ( 1— <x)b^ * R^ ( 1 ~a)B^ (®2 +w i 2 + ^a"” a ^ 


II 


a ( a -B a )~b 


R 


For p,y an< i |p to be positive the requirements are 


B < a-w . , b > 
a 12* a 


a +*/a 2 -4b 


2 

t n a -b 

and B„ < — r — 

(X ct 


( 6 . 8 ) 


For ~ ^ g >fciie requirements become 


StHhVQ, -4b 


B < 

a 


a 2 -b 


(6.9) 


In equation (6.7) the second term itself represents a 
second order inverting pseudo BP function. Hence, in the 
circuit of Figure 6.2 if Rj is made infinity, a high pass 
response is still obtained. For this case (R^ = 00 ) the design 


equations are 


a 2 -b-aw 


a 


aB. 


11 


b-aw 


* P = 


12 


aB, 


h. 


R_ 

R. 


= K 


Y ** E 2 = a ( B 1 +w 1 i~ a ^ 


( 6 . 10 ) 
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R< 


In equation (6,10), for a and to be positive the require 


mento are 


M 11 + ( <0 n 4 ' 4b ) ir < a < E 1 + a) 11 +[(B 1 +^ 11 ) 2 +4bF 


\i 


( 6 . 11 ) 


For B 1 »w n and 4b >> w 2 this simplifies to 


b*< a < 


B 1+ (B 2 +4b) T 


( 6 . 12 ) 


Thus, for the case of = ® , HP realisation is possible with 

nine resistors instead of ten. Further, a value does not have 
to be assumed. The realisation is possible for HPFs with real 
poles and zeros and with complex poles and zeros. 


6.1.2 Sensitivity analysis : 


Transfer function and denominator polynomial sensitivities 
S* and S? with respect to all active and passive parameters, 
for the first order HPF, under high pass condition, have been 
determined. These are given in Table 6.1. For obtaining 
transfer function sensitivities, differentiation was carried 

out on equation (6.3) and then the high pass condition, viz., 

R 

(l~a) tri B. = B is applied. The sensitivities are very low 

1*2 1 

at high frequencies. 


6.1.3 Effect of 0A second role on HPF performance : 

The effect of 0A second pole on HPF performance can be 
studied by analysing the circuit of Figure 6.1 (under high 
pass condition) using the pole-zero model. The transfer 



Variable 


p 

aB a (s+B 1 +w 1 i ) 

a(l-a)B 1 

rl_ 

a 

sD 

D 

s b 

T 

-ag 

E a 

Rj 

+ JL - B -S 

1 R 1 s 

0 

r 2 

R B a 

R 2 + s 

0 

E I 

R 

% 

0 


B Wl1 
a 1 1 

0) 

1 1 

“11 

sD 

D 

B 1 

a v ir 

sD 

aB 

_ 


Note : D = s+w^+aB^ 


173 


function, based on single pole model under high pass 
condition is 




(6.13) 


Using the pole-zero model for the OA, i.e, 


-B . ( s- oj . ) 
1 2i' 

“2i (s+ “U J 


(6.14) 


equation (6.13) becomes 


T(s) 


pole-zero _ R 


JR ^2 I s / ( a3 2l'" aB 1 1 


1 


s+ 


^1 E a 

“ 2 r aB i 


(6.15) 


Comparison of equations (6.13) and (6.15) shows that, due to 
the effect of OA second pole, the high frequency pass band 
gain and the 3 dB cut-off frequency are both increased by the 
factor w /(cd_.-ocB.). The effect of OA second pole can be 
overcome by obtaining the design equations based on pole-zero 
model, instead of single pole model. 


6.2 Notch filter t 

Notch or band reject transfer functions have a pair of 
conjugate zeros on jw axis and real and/or complex conjugate 
poles on IHP. Sod er strand [2] has proposed a three OA circuit 
(with one OA being treated as ideal)to realise a second order 
notch response. Srinivasan [l] has reported a second order 
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medium Q notch filter using three OAs. In the second order 
circuits of Soliman [3], Soliman and Fawzy [4] £> nd Kim and 
Ra [6] notch response is available at the input of an OA. 

Mitra and Aatre [7] have obtained notch response, by resistive 
summation, in an inverting BPF circuit. 

6-2.1 Synthesis : 

Second order notch filter transfer function with an 
attenuation constant included, is 

T(s) = K (6.16) 

s^+as+b 

where c = notch frequency. 

From equation (6.16) three classes of notch response arise. 

These are : 

i) c = b symmetrical notch 

ii) c > b low pass notch 

and 

iii) c < b high pass notch. 

The transfer function can be written as 


T(s) = K ( 1 + 


-as 

2 

s +as+b 


(6.17) 


for c = b. 

The second term in equation (6.17) is a second order inverting 
BP function, with unity resonant gain. Thus, summation of the 
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input and output of a second order inverting BPP as above, 
leads to a second order symmetrical notch response. For the 
case of low pass and high pass notch response eq u ation (6.16) 
can be written as 

T( s ) = K [1 + + — Szk- ] (6.18) 

s +as+b s^+as+b 

The second term is a inverting second order BP function. 

The third term represents a second order LP transfer function, 
which is non -inverting for low pass notch (c > b) and inverting 
for high pass notch (c< b). Thus second order active R cir- 
cuits realising inverting BP and inverting LP responses at the 
outputs of the two OAs respectively can realise a high pass 
notch function. Similarly, circuits realising inverting BP 
and non-inverting LP at the outputs of the two OAs can realise 
a low pas 3 notch function. 

The inverting BPF circuit, proposed in Chapter III 
(Figure 3*3) can realise a symmetric notch response by resis- 
tive summation of its BP output and its input. This circuit 
is shown in Figure 6.3. The transfer function for this circuit, 
based on single pole model, is 

v „ ST V 

I(s)=^=^[l+ r 2 — ] (6.19) 

1 1 

for w » w i2 

where 

D = s 2 +U 11 +m l2 +(Y-P)B 1 ]s+m 11 a) l2 +(Y-p)B 1 m 12 +a{l-p)B 1 B 2 
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R_ 


a 


R +Rv, ’ 
a b 


P 


R 

_ -.0 


R. 


R c +R d * Y " R e + % and R = R ll J R 1 


Comparing equations (6.18) (with c = b) and (6.19) the design 
equations, with y assumed, are 


R_ 

R, 


R 


K, a = 


b+ ^l2~ aU> 1 2 p _ “l l' H * > l2 +YB l" a 

B 2 LB 1 +a- o)^ -to™ 2 ~yB 1 ] » p B 1 


a 


R 2 ~ IT~y )b 1 

The transfer function, with notch condition imposed, is 


( 6 . 20 ) 


lo 

V i 


R 

R 


2 2 
s +03 

o 


1 s 2 +(^)s+w 2 


( 6 . 21 ) 


where 


and 


w. 


w. 


to 


= [m^(o^ 2 +(y-p)B^w^ 2 +a( 1-p)B^B 2 ]' 


T 2 + (Y-P)B, 


^ is the notch frequency while Q is the pole selectivity. 

For the case of symmetric notch filter (c=b) equation 
(6.18) can be rewritten as 


~(as+K. ) K, 

T(s) = K[ 1 + -5 3 — + ~~ 2 — L — ] 

s +as+b s +as+b 


( 6 . 22 ) 


This transfer function can be realised by the circuit of 
Figure 6.2, whose transfer function is given by equation (6.7). 



Comparison of equations (6.7) and (6.22) leads to the 
following design equations (with a assumed) : 
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P = 


B — w ~ 
oc 12 

B„ 


°- B ct (a ~V 

’ y ~ B ,( B 2 + V“i2- a) ’ 


R. 

R. 


= K 


R 1 a _ (a~B a )a 

Rg ~ ( 1~a)B^ * “ ( 1 -a ) B ^ ( B 2 +B a +w ^ 2 '-a ) 


(6.23) 


J 


Thus, while the circuit of Figure 6.2 realises a symmetric 
notch response with two OAs and ten resistors, the circuit of 
Figure 6.3 gives symmetrical notch response with two OAs and 
only nine resistors. 

6.2.2 Sensitivity analysis t 

Notch frequency (o) Q ) and pole selectivity (Q) sensitivities 
with respect to all passive and active parameters have been 
determined for the circuit of Figure 6.3. These are given in 
Table 6.2. All the sensitivities are less than unity. 


6.2.3 Effect of OA second pole on NF performance ; 


To study the effect of OA second pole on NF performance, 
the circuit of Figure 6.3 can be analysed in terms of the pole- 


zero model. The resulting transf er function is 

-(l-y) Jl B^ 2 ^22 b 

s [1 + h j 


Ks) 


pole-zero R 


(6.24) 


1 


for 


w » 


w 12 and 


“ ~ “ 2 , “22- 
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TAB EE 6.2 


Notch filter sensitivities 


Para- 

meter 




a(T —a ) ( 1 -p }B ^ B 2 
o 


( 1 “P)B^ ( w^+aB^) 


y(i-y)b iMi2 




o 2 
2u o w a 


T(l " T iVj2V 2 ^ 


o 

2 tow 
o a 


W 1 1 W 1 2 


w io(V u o) 


w , ( U) W —? CO 2 1 

1 1 _ 12 a ^ o 
2 or 03 

o a 

O 2 

2 03 iii 

o w a 


contd 



180 


Para- 

meter 

U> 

s 0 

X 


S x 

B , 


w a^ w o“ 

1 2^ ~ 2(u c/ -j 



2 “o“k 

B 2 

a( 1~p)B 1 B 2 

2 “o 


a(l-p)B 1 B 2 

2w 2 

0 

Rote : 

o) Q is as defined under 
w a = w 11 + w 12 +(y-p)B 1 

equation (6.21) 

• 


where 

D = [W 2i a) 22~ (Y ^ p)B 1 W 22 +a(l ” P)B i :B 2 ]s2 

C <*> 2 1 w 22 ^1 1 2 ^ Y ""P )B -”(Y'"P)B|{s>^ 2 w 22 

- a(l-p)B 1 B 2 ( w 21 +w 22 )3s+w 21 u 22 Co) 

+ aO-pjB^Bg] 

If the notch conditions of equation (6.20) are imposed in 
equation (6.24) then a transfer function of the form 


T(s) 


•d ,a. s +a 0 s+a 
iL. f -JL - — & 


R 


1 


'-a^s +a^s+a 


2 

3 J 


(6.25) 
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results. Thus, the transfer function becomes a biquadratic 
function and thus is no more a notch function. Further, for 
certain values of a, (3 and y the ’s' coefficient of the denomi- 
nator in equation (6.24) could become zero, making the circuit 
oscillatory. 


To overcome the effect of OA second pole, design equations 
can be obtained by comparing equations (6.18) (with c = b) and 
(6.24). Then, under the new conditions the circuit will pro- 
vide a true symmetric notch response. The design equations 
obtained by this comparison are : 


R 1 aW 21 a, 22 +b ^ W 2r W 22 +a) 22 (0 1 1 +w 22 w 12^ 

U-Y) r B i = T" 2~~Z 

2 + aw + ) 


(6.26) 


(y-P)b 


w 


1 


21 [b(m 21 -Ko 22 )4a) 2l a) 22 (a~M 11 -^ l2 )3 
w 22^ + aw 21 + W 21 ^ 


(6.27) 


a(l-p)B 1 B 2 


bio„ „ 

21 22 

2 

b +aW 21 +W 21 


(6.28) 


R 


with y assumed, and [3 can be obtained from equations (6.26) 
and (6.27) respectively. Then a can be obtained from equa- 
tion (6.28). 


6.2.4 Experimental results ; 


The symmetric notch filter circuit of Figure 6.3 was 
designed using the pole-zero model design equations. Two 
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NE 536 OAs, whose parameters are given in Table 3-2 (Chapter III 
0.5 percent metal film resistors and miniature multitum poten- 
tiometers were used to build the circuit. The resistor values 
for the circuit, in kilo ohms, were : R & = 1,0, R^ = 17, 

R c = 5.0, R d = 1.0, R e = 10, R f = 1.8, E 1 = 0.5, R 2 = 20 and 
R^ = 10. The notch response for a notch frequency of 250 KHz 
and pole selectivity of 25 is shown in Figure 6.4. Compa- 
rison of theoretical and experimental results is given in. 

Table 6.3. 

TAB IE 6.3 

Symmetric notch filter response 


Parameter 

‘Theoretical 

Experimental 

w 0 /2it (KHz) 

250 

250 

Q 

25.0 

24.5 

Attenuation 


46 dB 

at w 0 

CO 



6.3 Conclusions : 

In this chapter synthesis techniques for first and second 
order high pass filters and second order notch filters have 
been proposed. All the circuits are realised with an attenua- 
tion constant. The effects of 0A second pole on HPF and NF 
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performances have been studied. For first order HPF, the high 
frequency gain and the 3 dB cut-off frequency are increased by 
the same amount due to OA second pole. For notch filter, the 
transfer function becomes a general biquadratic function. For 
high values of notch frequency the circuit may even become 
oscillatory. The effects of OA second pole can be overcome by 
designing the circuit on the basis of pole-zero model, instead 
of single pole model. 
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CHAPTER VII 


SYNTHESIS OF OSCILLATORS 

Sinusoidal oscillators with large tuning range and low 
harmonic distortion are desirable for a number of applications. 
Particularly desirable are those circuits in which the fre- 
quency of oscillations can be varied without upsetting the 
condition for oscillations. An additional useful feature is 
the facility for voltage control of the frequency of oscilla- 
tions. Such voltage controlled oscillators are especially 
suited for phase locked loops. Bhattacharyya and Natarajan [l] 
have proposed a three OA, six resistor active R oscillator 
circuit . in this circuit expressions for oscillation condi- 
tion and the frequency of oscillations have been obtained on 
the basis of integrator model for the OAs. Ahmed and Siddiqui 
[2] have obtained a two OA, four resistor circuit. Nandi [3] 
has proposed a modified version of this circuit. Pyara and 
Jamuar [ 4 ] have synthesised a two OA, eight resistor oscillator 
circuit. Two oscillator circuits, each with two OAs and six 
resistors have been proposed by Drake and Michell [5]. 

In this chapter a synthesis technique for active R 
oscillators is presented. An oscillator circuit with inde- 
pendent control of frequency has been synthesised. Replacement 
of the frequency controlling grounded resistor, in this circuit. 
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by a junction field effect transistor (JEET) leads to a vol- 
tage controlled oscillator. Modifications of the synthesis 
technique to realise other reported two OA active R oscilla- 
tors, are indicated. 

7 . 1 Synthesis ; 

The transfer function of a circuit, which can realise 
oscillatory response can be written as 

T(s) = , c>c (7.1) 

s +(a-b)s+c 

For oscillations to take place, a pair of conjugate poles must 
exist on the j w axis. This condition is obtained when the 
’s’ coefficient of the denominator in equation (7.1) becomes 
zero. Under this condition (a=b), the circuit becomes an 
oscillator if the input node is grounded. The requirement for 
independent control of frequency is that the expression for 
the frequency of oscillations [w o = ][c in equation (7.1)] 
should have at least one parameter which is not present in the 
condition for oscillations (a=b). Equation (7.1) can be 
rewritten as 


T(s) = - &Z i s+ f ) 

d r c-e(a-b-e) b+e+f-a -i 

1 s+f *- d( s+e) d J 


(7.2) 


where f = arbitrary parameter. 
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This transfer function is of the form 


I(s) = 


(7-3) 


where 


G- represents an amplifier of gain = 


d 

s+f 


p^(s) represents frequency dependent feedback factor 

a-b-e ) 


c~e ( 
~ d ( 


s+e ) 


and 


represents frequency independent feedback factor 
b+e+f-a 


The amplifier G- can be realised by an operational 
amplifier, whose gain is B^/(s+w^). p^(s) represents a 

first order non-inverting LP function, under oscillation 
condition (a=b). It can be realised by an OA with negative 
feedback and with an attenuator at the non- inverting input 
terminal. The realised circuit is shown in Figure 7.1. The 


transfer function of this circuit is 

B. 

(1-Y) 

T(s) 


V 0 


V i 


B 


1 + 


1 


s+w 4 


[ 


aB, 


s+B, 


y] 


ii 

( 1-y)B 1 (s+ B 6 ) 


s +(w 11 +Bp-YB 1 )s+w 1 1 Bp-YB 1 w 12 + ( a -’PY )® 1 B 2 


(7.4) 



tas 



Hi; 7.1 RESISTANCE CONTROLLED OSCILLATOR CIRCUIT 
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From equations (7.8) and (7.3) it is seen that the condition 
for oscillations is determined by (3,y and the OA parameters 
while the frequency of oscillations is determined by a,{3,y 
and the OA parameters. Hence p or y can establish the condi- 
tion for oscillations and a can provide an independent control 
for frequency without upsetting the condition for oscillations 
Specifically, grounded resistor R controls frequency while 
grounded resistors R or R c maintain oscillations. Both 
condition for oscillations and frequency of oscillations 
are determined by resistor ratios only and not by individual 
resistor values. 


7 ;2 Alternate oscillator realisations ; 

The reported active R oscillator circuits of Ahmed and 
Siddiqui [2], Nandi [3] and Drake and Michell [5] can be 
obtained by rewriting equation (7.2) in alternate ways . 


One way of rewriting equation (7.2) is 


T(s) 


d/(s+f ) 


K 


1 + r- 

s+f L s+e 


k 2 3 


d/ ( s+f) 

, * SEESZSI 77 

1 + ~ ■ -p L s _(. q "* "•■s; -I 


(7.10) 


s+f 


__ c-e(a-b-e) v _ b+e+f-a 
1 “ d » ^2 ” d 


where K 


and •— Kp . 
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The corresponding circuit realisation by Ahmed and Siddiqui 
[2] is shown in Figure 7.2. The transfer function of this 
circuit is 


T(s) 


V i 


(l~a)B 1 /(s+“ 1 1 ) 


B 


1 + 


1 


S+ 6). 


'11 


" P ( s+B^+u -) 

[ . —■ a] 


( 1 —oc )B ^ ( s+B g ) 


s +[w i +B p +(p-.a)B 1 3s+w 11 B p +(p~a)B 1 a) 12 


where a 


R a +E i ’ P " 


+ p( 1 ~cx)B 1 B 2 
c ,iL d P 


R 

rI+I7 ’ B 8 = W 12 + ^ B 2 


(7.11) 


The condition for oscillation is 


a 


M 11 +B s +pB 1 

B , 


and the frequency of oscillations is 


( 7 . 12 ) 


f 0 = 2 ^ U 11 B p +(P-a)B 1 w 12 +8(l-a)B 1 B 2 ]- 


(7.13) 


From equations (7.12) and (7.13) it is seen that both the 
condition for oscillations and the frequency of oscillations 
are functions of a, (3 and OA parameters. Hence, independent 
control of frequency is not possible. Nandi [3] has obtained 
a modified version of this circuit. Nandi’s circuit, shown in 
Figure 7.3 has the transfer function 




FIG 7 2 OSCILLATOR CIRCUIT OF 
AHMED AND SIDDIQUI 


FIG. 7.3 OSCILLATOR CIRCUIT OF 
NANDI 


FIG. 7- 4 





OSCILLATOR CIRCUIT Of DRAKE AND 
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T(s) 


Ic 


( 1-a) 




“B. 


1 + 


[ 


£( s+u l2 ) 


s+w^ l s+w i2 +( 1 -p)B 2 


- a] 


.(l-ajB^s+u 2 +(l-p)B 2 ] 


where 


R. 


R 


a = 


V R b ' 


H = +R d 


and 


(7.14) 


D = s^+[oi^ + oj^ 2 +( 1-p)B 2 +(a~p)B^ ]s+w^w,j 2 +( l~p)B 2 w^ 
+ (a-pjB^ 12 +a( 1 -p)B 1 B 2 


The condition for oscillations is 


w i i +w i c+ccB.+B, 

q >. — LI LA ! a 

P V B 2 


(7.15) 


and the frequency of oscillations, with node 1 grounded, is 


f 0 ~ 2 % -j •) ^ w ■{ 2 ^ (^ “*P ^ B 2 ^ )B .j ^ 2^^-i. 1 ”P )B ^2 -I 

(7.16) 

Thus, this circuit of Nandi also does not have facility for 
independent control of frequency. The circuit of Pyara and 
Jamuar [4] is the same as the circuit of Figure 7.1 except for 
the introduction of a potential divider between the output of A 2 
and the inverting input terminal of A^ . Hence, the transfer 
function for the circuit of Pyara and Jamuar [4] is the same as 
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equation (7.4) with a replaced by a6, where 5 represents the 
additional attenuation. 


Equation (7.2) (with a negative sign in the numerator) can 
be written as 

~d/(s+f) 

T(s) = * (7.17) 

1 . r c-e(a-b- e) a + b+e+f -i 
1 s+f ,L d ( s+ e ) d d J 


The second and third terms in the denominator of equation (7.17)* 
together represent the summation of a non- inverting LP function 
and a constant term. The circuit realisation corresponding to 
equation (7.17) is by Drake and Michell [5]. This circuit is 
the same as the inverting BPP circuit of Figure 3.3 (Chapter III). 
This circuit, reproduced in Figure 7.4, has the transfer fun- 
ction. 


T(s) = 

1 + 


s 2 +[m 1 


4* U) 


(V'f*B 1 /(s+ w n ) 

X r <*(l-P) B p " 

s+w 1 j ^ S+U 12 + 7~p] 

- (l-Y)B 1 (s+t» l2 ) 

12 +(y-p ) B 1 ]s +« 1 12 +a( l-p)B 1 B 2 

(7.18) 


where 


R. 


a 


R a +R b ’ 


P = 


R . 

V R d ’ Y 


R 


R +R ~ 
e f 


The condition for oscillation is 


w +w +yB 
p ^~B7 — L 


(7.19) 
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The frequency of oscillations, with node 1 grounded, is 

f o = i w 12 + ^ y ~P) B 1 W 12 +Q ^ 1~P) b i :B 2^ (7.20) 

Thus, independent control of frequency, through a, is 
possible. 

7.3 Comparison of oscillator circuits ; 

The circuits of Pyara and Jamuar [4], Drake and Michell [5] 
and the new oscillator circuit of figure 7.1 have the facility 
for independent frequency control without upsetting the condi- 
tion for oscillations. However, the circuit of Pyara and 
Jamuar [4] uses two additional resistors. The circuits of 
Ahmed and Siddiqui [2] and Nandi [3] have only four resistors. 
But their circuits do not have independent frequency control 
facility. The circuit of Bhattacharyya and Natarajan [l] uses 
three OAs, as compared to two in other circuits. Single pole 
model analysis of their circuit shows [6] absense of oscilla- 
tions. The oscillation condition and frequency of oscilla- 
tions can be obtained by a two pole model analysis [6], 

7.4 Voltage controlled oscillator s 

The frequency determining grounded resistance, R & , in 
figure 7.1 can be replaced by the drain-source resistance of 
a JFET . Then voltage control of frequency can be obtained 
by varying the gate-source dc voltage. Then the circuit 
becomes a voltage controlled oscillator (V00). 
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7.4.1 PET as variable resistor : 

The field effect transistor has an important property, 
viz,, behaviour as an ohmic resistor. Operated under suitable 
conditions [7], the PET can exhibit the properties of an ohmic 
resistor, so far as the circuit between source and drain ter- 
minals is considered. The value of the resistance is electri- 
cally controlled by the potential difference between the source 
and gate terminals. For the PET to behave like a ohmic resistor 
the following two conditions must be fulfilled [8]. These are : 

i) the potential difference between the gate region and the 
conducting channel must be such that no significant gate current 
flows and 

ii) the depletion region of the reverse biased gate to channel 
p-n junction must. at no point along the axis of the channel 
extend so far as to close or 'pinch-off' the channel. 

With these two conditions fulfilled the source to drain 
channel shows ohmic properties. However, there will be depar- 
ture from a linear voltage current relationship as pinch-off 
condition is approached. The drain characteristics of a PET, 
near the origin, are shown in Figure 7.5. For drain-source 
voltage values close to zero, the characteristics are linear. 

The value of the resistance measured between drain and source 
depends upon the gate-source voltage. As the reverse bias 
voltage applied to the gate junction is increased, the drain- 
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source resistance increases exponentially. The exact law 
relating the drain-source resistance (r Dg ) to the gate-source 
voltage depends critically on the structural details of the 
PET. 

7.4*2 VCO realisation ; 

A voltage controlled oscillator was obtained from the 

circuit of Figure 7.1 by replacing the frequency determining 

grounded resistor R , by an n channel JPET as shown in 

Figure 7.6. Here, variation of the dc gate-source voltage, 

V GS* varies ' tiie drain source resistance. Hence, a (which is 

now equal to ( p ~r is varied. Thus frequency is varied by 
V" r DS 

voltage variation. 

7.5 Sensitivity analysis : 

The angular frequency of oscillations, w Q , for the cir- 
cuit of Figure 7.1 is 

% ~ ^ W 11 B p ~ + (° t -PY)B 1 B 2 ] T (7.21) 

The sensitivities of u Q with respect to all passive and active 
parameters are given in Table 7.1. Since, only resistor ratios 
appear in the expression for to Q , the algebraic sum of w Q 
sensitivities with respect to the six resistors is zero. The 
algebraic sum of the w Q sensitivities with respect to the OA 
parameters (o» ^ and B^) is equal to unity. All the sensitivites 
are less than 0.5. 
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ROLLED OSCILLATOR CIRCUIT 
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TABLE 7.1 

(i) Q sensitivities for oscillator 


Variable 

M 



R-l 


R. 


R- 



a( 1~a)B 1 B 2 




p(l^)B 2 (^ ir yB 1 ) 

2 W 2 

o 



R. 


Y ( 1-Y )b 1 b b 

’ 2 a? 






1 1 


w 


12 


B. 


B, 


to B 

2(») 2 

o 

^ 2 ^ 1 \ ) 

2w o 

(aB 2 -. Y B B )B 1 

2 w 2 

o 

[pto^+Ca-pY )B 1 ]B 2 

2 w 2 

o 
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7.6 Effect of OA second pole on oscillator performance ; 

for the oscillator circuit of Bhattacharyya and 
Eatarajan [l], it has been shorn by Venkateswaran and 
Venkataraman-I [6] that the effect of the OA second pole 
causes the conjugate poles to be shifted to the right half 
plane. At high frequencies, the shift will be more and 
consequently distortion increases. 


For the circuit of Figure 7. 1 , pole-zero model analysis 
leads to the following transfer function 


T(s) 


( 1 ~y )B 1 ( ^ 21 ~s ) [ ( w 22 ~PB 2 ) 3+ w 22 B B ] 
= D 


( 7 . 22 ) 


where 

B = [ a) 21 W 22~^B 2 w 21 + YB 1 w 22 +(a:-pY jB^Js 2 
+ [“2l“22 ( “l1 + “l2 + P B 2^ B t ) 

- P B 2 w l 1 w 21 +YB 1 w l2 a) 22~^ a ‘"^ Y )B 1 B 2 (w 21 +“ 22 )]s 
+ a) 21 W 22^ w 11 w 12 +pB 2 w ir YB l“l2 + ^ 0! '” pY)B 1 B 2^ 


If the oscillation condition, based on single pole model (given 
by equation (7.8)) is applied in equation (7.22) the denomina- 
tor 's' coefficient becomes negative indicating shifting of 
poles to right half plane. 
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7.7 Experimental results : 

The resistance controlled oscillator of Figure 7.1 and 
the voltage controlled oscillator of Figure 7*6 were built 
using two BEL 74 10 OAs, 0.1 percent metal film resistors 
and miniature multiturn potentiometers. The relevant para- 
meters of the two OAs are given in Table 7.2. 

TABLE 7.2 
0A 741 parameters 


0A Parameter 

(Hz) -fi (MHz) A oi 


0A 1 

8.5 

1.6 

1 .46x1 

0A 2 

9.0 

1.4 

1.32X10 5 


V CC = ± Tem *>- = 2 7°° 


7.7.1 Resistance controlled oscillator : 

The component values for the circuit of Figure 7.1 (in 
kilo ohms) were : R^ =7.9, R c = 1.18, R^ =8.35, R e = 1.19, 
Rf = 8.82. With R a varied from 118 ohms to 434 ohms constant 
amplitude, low distortion sinusoidal oscillations, in the 




203 


range 4.63 KHz to 233 KHz, were obtained. The amplitude was 
0.5V RMS. Below 4.63 KHz, even a very small reduction in 
R a causes the oscillations to die down.- Above 250 KHz, the 
waveform becomes nearly triangular due to the slew rate 
limitations of the OAs. Within the range 4.63 KHz to 233 KH z 
distortion was less than 1.5 percent. Variation of harmonic 
distortion with frequency is shown in Figure 7.7. Variation 
of frequency with R a is shown in Figure 7.8. 

7.7.2 Voltage controlled oscillator 

The voltage controlled oscillator of Figure 7.6 was set 
up using an N channel JFET BFW 10. Value of R_ was 24 K« 

The other component values and OAs were the same as used for 
the resistance controlled oscillator. The drain-source 
resistance variation with gate-source voltage, for the FET, 
was obtained using the circuit of Figure 7.9(a). Corresponding 
to variation of V &g from -1.24 V to -3.75V, r DS varied from 
359 ohms to 1.36 kilo ohms. The variation is shown in 
Figure 7.9(b). Corresponding to this, the frequency of osci- 
llations varied from 4.8 KHz to 238 KHz. Over this frequency 
range, constant amplitude (0,51 V RMS) low distortion 
(< 1.52 percent) oscillations were obtained. Variation of 
oscillation frequency with V Qg is shown in Figure 7.10. Above 
250 KHz waveform becomes nearly triangular as in the case of 
resistance controlled oscillator. 




“o/ 2 tt in KHz 

RESISTANCE CONTROLLED OS 











1 OOK 
♦ 10 K 


F'K. 7 ') ( • - r n:> V a;.' ! ■ . '■*;!= ■■ - 


1200 


800 h 
400 1 


MEASUREMENT CIRCUIT 


R( 330 ~a. ) 


1Et X) \ 
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7.8 Conclusions ; 

A synthesis technique for active R oscillators has been 
proposed in this chapter. A new continuously tunable 
oscillator circuit has been realised by this technique. 

The circuit has the facility of conversion to a voltage con- 
trolled oscillator by using a JFET instead of a grounded 
resistor. Modification of the synthesis technique leads to 
other reported two OA oscillator circuits. The circuit has 
low sensitivity of the oscillation frequency to all passive 
and active parameters. The resistance and voltage controlled 
oscillators have been experimentally tested. Both oscillators 
give constant amplitude, low distortion, sinusoidal oscillations 
over a wide frequency range. 
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CHAPTER VIII 


SYNTHESIS OP DELAY NETWORKS 

The output of an ideal delay network with a pulse input, 
is an exact replica of the input except' for a time delay. 

Such delay networks are widely used in radar and other communi- 
cation systems. A number of active RC and passive delay net- 
works have been reported in literature. All the reported 
realisations are based on Pade's all pass approximation fun- 
ctions or on low pass non-minimum phase approximation functions. 
Morril [l] has reported a second order active RC delay network 
and has indicated the possibility of obtaining sixth order 
delay network by cascading a fourth order Pade approximation 
delay network with a second order delay equaliser. Deliyannis 
and Ream [2] have obtained an active RC biquartic circuit to 
realise the fourth order Pade approximation all pass function. 
Deliyannis [3] has proposed active RC circuits to realise six 
new delay functions, each with three right half plane zeros 
and four left half plane poles. Till now no active R delay 
networks have been reported. In this chapter a technique for 
realising active R delay networks corresponding to Pade appro- 
ximation all pass delay functions is presented. 
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8. 1 Concept of delay ; 

Transient response of a system is important, particularly 
in pulse communication systems. In these systems, rise time 
and overshoot are important since they indicate the extent of 
distortion in the output pulse. Rise time and overshoot are 
time domain quantities. The corresponding frequency domain 
quantity, that indicates the quality of a systems transient 
response, is delay. If a system is such that the output pulse 
is an exact replica of the input pulse, except for a time 
delay, then the system has an ideal transient response. This 
is illustrated in Figure 8.1 where T represents the, delay. 

The transfer function for the ideal system of Figure 8.1 can 
he determined from the fact that 

v 2 (t) = v ^ ( t-T ) (8.1) 

Prom equation (8.1) it follows that 

V 2 (10 = e~ sT V^s) (8.2) 

where V^(s) and Y^(a) represent the Laplace transforms of 
v^(t) and v^(t) respectively. 

Equation (8.2) implies that 

V ? (s) .of 

T(s) = = e (8.3) 

From equation (8.3) it is seen that if the output pulse is a 




SYSTEM (c) O-jTHUjT PULSE. 
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a time delayed replica of the input pulse then 

arg T(jw) = - wT (8.4) 

Based on equation (8.4), the delay D(o>) of a system with a 
transfer function given hy equation (8.3), can be defined as 

D(«) = - arg T(jw) (8.5) 

The delay as defined here is also referred to as envelop 
delay or group delay to differentiate it from phase delay 
which is equal to [arg H(ju>)]/w . 

8 . 2 Bade approximation ; 

To realise delay networks all pass transfer functions are 
commonly employed. This is because all pass functions provide 
a constant amplitude response independent of frequency. The 
phase response varies with frequency in a prescribed manner 
depending upon order of the function and the pole locations. 

To simulate the ideal delay transfer function, e , it is 
necessary to approximate it by a ratio of polynomials. The 
Bade approximation can be used for this purpose. 

1 Pade approximation is a rational fraction P (xJ/Q^Cx)-, 
where P (x) and Q^x) are polynomials of degree m and n, 
respectively. This rational fraction, denoted F(m,n), is said 
to be a Pade approximation of a function, F^(x), if and only if. 
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the power series expansion of F(m,n) is identical with that of 
F^(x), upto and including terms of order x m+n . Thus, if 


F^x) = j a i xl 
i=o 


( 8 . 6 ) 


then F(m,n) is the Fade approximation of F^x), if and only if 
P m (x) m+n 

F(m,n) = 


jn 

•sT 


Q n (x) 


l a i xl + l V' 

i=m+n+l 


(8.7) 


1=0 


For Fj (s) = e~ , the unique solution for F(m f n) is given hy 

p (_ sT ) _ n _ (-S-) Si + t — m(m r lJ s£t 2 

nr ' L Vn^ 11 (m+n)(m+n~1 ) 21 


+ L:. .1 1 m ffilazl 1 .. ; jj-L:.-! . (8 8) 

*** (m+n) ... (n+l) ml J 


and 


(^(-sT) = [l + (^j) ff + ( m +S)?S+n-1 T 

... n(n~1 ) . . .2 • 1 sVi 

* * * (m+n) . . . ( m+ 1 ) n'. -* 


a¥ 

21 


(8.9) 


The Pade approximations of first to fourth order, for m = n, 
are given in Table 8.1. 

From Table 8.1 it is seen that the Pade function, F(n,n) is 
realised by an AP transfer function. Higher the order of the 
approximation closer will be the realised response to that of 
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*** s T 

e . Active R all pass networks can be realised only with 
an attenuation constant, E. Hence, it is possible only to 
approximate the function Ee , where E is less than one. 
Thus the output pulse will be a delayed and attenuated 
replica of the input. 


TABIE 8.1 

Pade approximation [P(n,n)] for e 


Order 

F(n,n) 

1 

-CsT-2) 

sT+2 

2 

s 2 T 2 -6sT+12 

s 2 T 2 +6sT+12 

3 

-( s 3 T 3 -1 2s 2 T 2 +60s 3M 20 ) 
sV + 1 2 s 2 T 2 +60sT+1 20 

4 

s 4 T 4 -20s 3 T 5 + 1 80 s 2 T 2 -840sT+ 1,680 
s 4 T 4 + 20s 3 T 3 + 1 80s 2 T 2 +840sT+ 1 680 


8.3 Svnthe sis ; 

In order to achieve good approximations to the ideal 
delay function (e~ sT ) higher order functions must be used. 
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Thus the fourth order function in Table 8.1 will give a better 

approximation or better response as compared to the first three 

order functions. The first and third order functions in 

Table 8.1 are of the inverting type. However, only non- 

inverting active R APFs can be realised in practice. Hence 

active R APFs of first and third order can approximate -e~ sT and 
•••sT 

not e . The first and second order Pade functions can be 
realised by the circuits of figures 4.4(a) and 4.7(a) res- 
pectively. The third order Pade function can be realised by 
the circuits of Figure 4.7(b) or 5-5. In this section syn- 
thesis of the fourth order Pade all pass function, F(4,4), is 
described. 

The fourth order Pade all pass function, F(4,4) (to 
approximate e ) is. 


F(4,4) 


0 4 T 4 -20s^T^+180s 2 T 2 -840sT+168Q 
s 4 T 4 +20s 3 T 5 + 1 80s 2 T 2 +840sT+ 1680 


( 8 . 10 ) 


This function can be split into a product of two biquadratic 
functions, as shown by Deliyannis and Ream [2]. The function 
now becomes 


( s 2 -a.s+a 0 ) ( s 2 -b. s+b 0 ) 

f (4 ,4 ) = ~~ 2 2— 1 ~ 

(s +a 1 s+a 2 )(s +b 1 s+b 2 ) 


( 8 . 11 ) 


where 


1 1 .5848 
T 


’ a 2 


36.5605 v _ 8,41 52 b 


T 


T 
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Equation (8.11) can be expressed in terms of partial fractions, 
as 


?(4,4) 

K . s+K 0 K^s+K. 

= [i + V 2-+ -r 2 - — i 1 

s +a^ s+a 2 s +b^s+b 2 

(8.12) 

Comparison 

of equations (8.11) and (8.12) gives the 

values of 

K.j,K2, K 3 and - E 4 as 


K i 

2a 1 [(a 1 +b 1 ) (a 2 b 1 -a 1 b 2 ) - (a 2 -b 2 ) ] 

I 

(8.13) 

K 2 

-4a ^ 2 ^ (b 2 ~a 2 ) 

D 

.(8.14) 

K 3 

-2b ^ (a 1 +b 1 ) (a 2 b 1 -a 1 b2)+(a 2 ~b2) 2 ] 

D 

(8. .15) 

and 

K 4 

4a 1 b 1 b 2 (b 2 “a2) 

D 

(8.16) 


where 

D = (b^ ~a^ ) (a2b^ -a^b^ )+(b2-U2 ) ^ 


Substituting the values of a^,a 2 ,b^ and b 2 given under equation 
(8.11), K,j to K 4 values are 


K« 



vr l£L 22 . K 

^2 " t 2 » 


92.64 - 210.26 

T ’ *4 = T 2 

(8.17) 


Thus, from equations (8.12) and (8.17) it is seen that the 
second term in equation (8.12) is the summation of inverting 
second order BP and IP functions. The third term is the 
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summation of non-inverting second order BP and LP functions. 

All these functions have complex conjugate poles. The corres- 
ponding circuit realisation is shown in Figure 8.2. The circuit 
uses four OAs and sixteen resistors. This is a typical parallel 
realisation circuit. The transfer function of this circuit is 


T(s) 




r t r. 

H -ST • 4V S+ V 
S- [i + — £ 2- 


R„ R 


R 


1 


B 


a R a ~ R^ B 1 B 2 


1 


gf B 4 (s+U) l3+ PB 3 ) 

+ -3 ] 


(8.18) 


where 


r = R,||R 2 I|R,||R 4 || R l , R x = Rjl RbI! So 


H R R R 

/v ..— 3 . — g _ — S — y 6 — w 1 ■ & - - 

_ V R b ’ P " VV Y V H f ' ’ ' V®* 


R. 


D 1 = S +(w. 1 -HO. C) + „ B 1 )s + ( w 11 + p“” U i 5 +a T? B-B 


R 


X 


R. 


11 12' Rg 


ir Eg "1 x 12 14 * R c 12 


D 2 = s 2 +(w l3 +aJ l4 +pB 3 +YB 4 )s+(w l3 +pB 3 )(w i4 +yB 4 )+6(1-y)B 3 B 4 

Comparison of equations (8.12) (with attenuation constant K f 
included) and (8.18) gives the following design equations. 


R 


_R 

1 


K 


R„ 


W 11 +W 12 + R^ B 1 


(8.19) 


(8.20) 
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",2 + “I*®* = * 2 


B. JRi 

=' K i 


R. 


R, 


R, 


R 


V+“^ B 2 > 


-z. 


R 1 

R^ B 4 = K 3 


( 8 . 21 ) 

( 8 . 22 ) 

(8.23) 

(8.24) 


R, 

B 4 C “l3 + = e 4 

(8.25) 

W 13 + w i4 + P B 3 + YB4 = b 1 

(8.26) 

w i3 +PB 3 )(w i4 +yB 4 )+6(i-y)B 5 B 4 = b 2 

(8.27) 


From equation (8.20) R x /Rg can be obtained. Then, with a 

assumed, R /R n can be obtained from equation (8.21 ). Then 

. \ \ \ 

R /R a is known since — 


***%£*# 

mM 


R ( 


1 - 


h 


jp. with R x /R a , R x /Rg and 


R x /Rq known, choosing the value of either R A or Rg or R^ 
fixes the values of the other two with R x /R a known. R^/R 2 
and R^/Rj are obtained from equations (8.22) and (8.23) res- 
pectively. R /R^ is obtained from equation (8.24). Then p 
can be obtained from equation (8.25).. With p determined, y 
and 6 can be obtained from equations (8.26) and (8.27) 
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respectively. With R^/R^, R^/R^ and R^/R^ values determined, 
R 2 ,R^ and R^ can be obtained by choosing R 1 value. Thus with 
one parameter (a) assumed, all the other parameters are 
obtained in terms of the Pade coefficients and the parameters 
of the four OAs. 

8.4 Experimental results : 

The active R delay network of Pigure 8.2 was designed 
on the basis of design equations (8.19) to (8.27) for a delay 
of 30 microseconds. The circuit was tested using a Rational 
Semiconductor 1M 324 quad OA chip. The relevant parameters of 
the four OAs in this chip are given in Table 4.2 (Chapter IV). 
The resistor values for the circuit, in kilo ohms, were : 

H a = R c = 0.2, R b = 1.8, R d =12, R e = 0.12, R f = 2.6, R g = 0.15, 
R h = 88, R a = 1 .0, Rg = 1 1, R c = 47, R 1 =1.1, R 2 =1.0, 

R 3 = 9.0, R 4 = 1 . 6 , R l = 10. 

The magnitude and phase response for the circuit are 
shown in Pigure 8.3. The magnitude response shows the effect 
of OA second pole at high frequencies. The phase response is 
practically unaffected by the OA second pole effects. 

Responses of the delay network to triangular wave and 
pulse inputs are shown in Pigure 8.4. With a triangular wave 
input a delay of 29.2 ps was obtained as shown in Pigure 8.4(a). 
The input and output waveforms for a pulse input are shown in 
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Upper trace (input) : Vertical scale 0.1 V/div. 

Horizontal scale 20 ps/div. 


lower trace (output): Vertical scale 0.05 V/div. 

Horizontal scale 20 ps/div. 





(b) 


Upper trace (input) : Vertical scale 0*1 V/div. 

Horizontal scale SO ps/div. 

lower trace (output): Vertical scale 0.05 V/div. 

Horizontal scale SO ps/div. 

Fig. 8.4 Delay network response (a) triangular 
wave input (1) pulse input 
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Figure 8.4(b). The observed delay was 28.6 ps. The leading 
and trailing edges of the output pulse indicate some amount of 
distortion. 

8.5 Conclusions : 

In active R delay network to realise the Pade fourth 

-<-sT 

order all pass approximation for e has been synthesised by 
the parallel realisation technique. . Due to resistive 
summation realisation is possible only with an attenuation 
constant. The magnitude response of the circuit shows the 
effect of OA second pole. The phase response deviates from 
true delay response beyond 35 KHz. The responses of the 
circuit to triangular wave and pulse inputs show the 
effectiveness of the circuit as a delay network. 
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CHAPTER IX 


CONCLUSIONS 

Active R networks of three different categories, viz,, 
filters, oscillators and delay networks have "been synthesised. 

A number of new circuits have been realised. Many of these 
circuits have been experimentally tested. A new pole-zero model 
for the operational amplifier has been proposed to simplify 
analysis for OA second pole effects. 

The proposed synthesis techniques are general. Hence, 
they can realise a number of alternate configurations. The 
techniques can also be adapted for active RC synthesis of 
filters, oscillators and delay networks. 

Characteristics of the realised active R networks are 
dependent on OA parameters and resistor ratios and not on 
individual resistor values. Thus, these circuits are well 
suited for fabrication by monolithic IC technology, where 

resistor ratios track. 

A band pass filter, with multifunction capability has 
been synthesised. The circuit realises inverting and non- 
inverting BP, non-inverting LP, oscillator, AP and notch 
functions. If the band pass filter is designed for high<U Q 
and Q values, it becomes oscillatory due to the effect of 
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OA second, pole. To overcome this effect, the circuit has 
been designed on the basis of pole-zero model and tested for 
high and Q values. 

Two new synthesis techniques for all pass filters 
have been developed. These techniques lead to a large number 
of new circuits. Xt has been theoretically shown and experi- 
mentally verified that OA second pole causes APP magnitude 
response to increase with frequency while the phase response 
remains practically unaffected. An APP has designed on the 
basis of pole-zero model so as to get a flat magnitude res- 
ponse over a wider frequency range. Techniques similar to 
those for all pass filters realise high pass and notch filters. 
Instability problems in active R notch filter, with high 
notch frequency, due to OA second pole effect, can be avoided 
by pole-zero model design for the circuit. This has been 
experimentally demonstrated. 

Active RC all pass, high pass and notch filters can be 
realised with unity gain or gains greater than unity. Active 
R all pass, high pass and notch filter functions are realised 
resistive summation points and hence realisations are possible 
only with an attenuation constant. This is because a true 
active R summer circuit has not been realised till now. 

An active R oscillator circuit has been synthesised. 

It can be continuously tuned over a wide frequency range, 
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without upsetting the condition for oscillations. Both, 
condition for oscillations and frequency of oscillations are 
controlled hy grounded resistors. Replacement of t h e 
frequency deciding resistor by a JFET has given rise to a 
voltage controlled oscillator. Experiments on both resistance 
and voltage controlled oscillators indicates the availability 
of constant amplitude, low distortion, sinusoidal oscillations 
over a wide frequency range. 

For the first time an active R delay network has been 

synthesised. The circuit realises the fourth order Pade 

~sT 

approximation of e , where T is the delay. The circuit can 
realise delays upto tens of microseconds. For larger delays, 
the required resistor ratios become too large to be practi- 
cable. 

In active R networks all the network characteristics are 
strongly dependent on the parameters of the OAs, particularly 
gain-bandwidth product. Gain-band width product of an OA is 
highly sensitive to bias voltage and temperature variations. 
Hence, for satisfactory performance, highly regulated power 
supplies and OAs with temperature stabilised gain-bandwidth 
products must be used. Such OAs are commercially available. 

The effect of OA second pole on active R networks can be 
overcome by designing them on the basis of two pole model or 
pole— zero model for the OAs. However, this leads to the 
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dependence of network characteristics on the 0A second pole 
frequency also. The 0A second pole frequency is also sensitive 
to temperature variations. There is at present no known method 
for temperature stabilisation of the second pole frequency. 

Further investigations in active R networks could be in 

the following areas : 

1 } Development of OAs specifically meant for active R appli- 
cations. These must have a very low first pole frequency, veiy 
large gain-bandwidth product, very high second pole frequency 
and high slew rate. Both gain-bandwidth product and second 
pole frequency must be temperature stabilised. 

2) Development of stabilisation arrangements for presently 
available OAs to stabilise 0A parameters against temperature 

variations. 

5) Realisation of a compensated active R summer circuit so 
that all pass, high pass and notch responses can be obtained 
without attenuation. 



